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Abstract  
Correct layering (lamination) of neurons in the central nervous system (CNS) is critical for the 
tissue functionality. Neuronal lamination is established during development, when the majority of 
neurons have to move from their birthplace to the appropriate layer, where they function. 
Therefore, to grasp the logic of CNS development, it is essential to understand the kinetics and 
modes of the variety of neuronal translocation events. Most of our knowledge about neuronal 
translocation has been gained using fixed tissue or ex vivo imaging, which is not ideal for such a 
dynamic process heavily dependent on the surrounding environment. To avoid these limitations, 
I combined translucent zebrafish embryos with light sheet fluorescence microscopy, which 
together enabled gentle in toto imaging of neuronal translocation. 
I studied the translocation of retinal ganglion cells (RGCs) across the developing zebrafish retina. 
RGCs are the first neurons that differentiate in the vertebrate retina and are born in a 
proliferative zone at the retinal apical side. From here, they move basally, spanning the complete 
apico-basal length of the tissue. They are destined to occupy the most basal layer, where their 
axons form the optic nerve. Although it was described that RGCs move their soma while being 
attached to both apical and basal sides of the retina, the kinetics and cell biological mechanisms 
of somal translocation remained unknown.  
Extracting single cell behavior of RGCs from high-resolution movies of their translocation 
allowed for quantitative analysis of RGC movement. I revealed that RGCs cross the retina in less 
than two hours in a directionally persistent manner. The movement of RGC soma is a cell 
autonomously generated process, which requires intact microtubules and actin-dependent basal 
attachment of cells for speed and efficiency. Unexpectedly, interference with somal translocation 
leads to a shift towards a multipolar migratory mode, previously not observed for RGCs, in 
which they temporarily lose both apical and basal attachment and apico-basal polarity. The 
multipolar mode is overall slower and less directionally persistent, but still allows RGCs to reach 
the basal retina. However, when RGC translocation is inhibited completely, they differentiate 
ectopically in the center of the retina, which in turn triggers the formation of ectopic layers of 
later born neurons. These results highlight the importance of establishing the basal layer of 
ganglion cells for ensuing retinal lamination. Overall, I generated important advances in the 
understanding of neuronal translocation and lamination, which might be relevant for other parts 
of the CNS.  
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1 Introduction 
PART 1 
1.1 Neuronal migration 
 1.1.1 Neuronal migration as an integral part of the central nervous system (CNS) 
development 
Neuronal migration is an important process throughout CNS development. During neuronal 
migration, immature neurons move to their final destination in the tissue to build the complex 
layered structure of most CNS organs (Fig. 1). Defective neuronal migration leads to many 
cognitive disorders including lissencephaly, autism and schizophrenia (Marin et al., 2010; Valiente 
and Marin, 2010). With these diseases in mind, it has been an area of intensive research for 
several decades. Migration of neurons is so widespread because most of them are born in 
restricted proliferative zones up to millimeters away from the layer, in which they eventually 
function. Neurons use different modes of migration depending on the specific cell type, 
developmental stage and length of their migratory path (Fig. 1A and B) (Cooper, 2013; Icha and 
Norden, 2014). The biggest challenge, which dictates the behavior of the translocating neurons, 
is moving their nucleus (i.e. nucleokinesis) (Fig. 1C, Fig. 2). Nucleus is their largest organelle 
and neurons employ several different strategies of nucleokinesis (or migratory modes). These 
modes include somal translocation, radial glial-guided migration, tangential migration and 
multipolar migration. Most neurons alternate among several modes during their migration, 
however there are some features that the migrating neurons have in common. Typically, they are 
polarized; they sense the environment by their, often branched, processes and their movement is 
largely generated cell autonomously. Neurons also dynamically attach and detach from their 
substrate, be it extracellular matrix (ECM) or other cells, and this is crucial for efficient 
movement (Cooper, 2013; Icha and Norden, 2014). On their way, neurons receive multiple 
inputs from attractive and repellent cues that are integrated to allow corrections of the trajectory 
while migrating. Migration of neurons is optimized for fidelity and therefore it is not as fast as 
migration of other cell types in the body, e.g. of the neutrophils (Rorth, 2011). However, it can 
still reach the speed of tens of micrometers per hour. 
 
1.1.2 Diverse modes of neuronal migration 
There are two basic types of neuronal migration distinguished by their orientation of migration 
(Fig. 1A). Radial migration occurs in the apico-basal direction of the nervous tissue and 
tangential migration is perpendicular to it (Fig. 1B). Radial migration was discovered earlier than 
tangential migration by electron microscopy and Golgi staining (Morest, 1970b; Rakic, 1971). 
Movement in radial direction can be further subdivided into (i) somal translocation, when 
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neurons use their basal processes through which their nuclei translocate (the migratory mode of 
RGCs, see below) and (ii) glial-guided migration mode, when neurons crawl along glial cells, to 
which they adhere and use as tracks. The radial glial cells span the whole tissue in the apico-basal 
(radial) direction. They are the progenitor cells giving rise to neurons, astrocytes and 
oligodendrocytes. Glial-guided migration is the best-studied migratory mode and its molecular 
mechanisms are well described in the rodent cerebral and cerebellar cortex. Neurons undergoing 
glial-guided migration contain a cage of microtubules around the nucleus organized by the 
centrosome, which is always found in a swelling of the leading process. The nucleus is pushed 
forward by the action of dynein motors walking on the microtubule cage (Rivas and Hatten, 
1995; Solecki et al., 2004; Tsai et al., 2007) (Fig. 2B). This is a characteristic stepwise movement 
with forward movement of the centrosome, followed by the pulling of nucleus towards the 
leading edge. Glial-guided migration is not dependent only on microtubule cytoskeleton. 
Actomyosin contractility in the leading process was shown to be important for it as well 
(Fig. 2B) (He et al., 2010; Solecki et al., 2009). 
 
Figure 1. Two basic modes of neuronal migration. 
A) Depiction of a mouse brain at E13.5. The dashed line indicates the plane of coronal section in the 
middle panel. The brain ventricle is shown in dark grey. The upper red arrow represents tangential 
migration of Cajal–Retzius cells from the cortical hem. The lower red arrow represents interneuron 
migration from the medial ganglionic eminence to the cortex. The green arrow represents radial migration 
of projection neurons from the ventricular to the pial side of the cortex. CER, cerebellum; CH, cortical 
hem; LGE, lateral ganglionic eminence; MGE, medial ganglionic eminence; OB, olfactory bulb; TEL, 
telencephalon. 
B) Zoom into dashed circle in (A). Tangential migration of interneurons (red) is shown in four steps: (1) 
migration towards the cerebral cortex in two streams parallel to the ventricular and pial surfaces, (2) 
interneurons reaching the cortex associate with radial glia cells (grey), (3) radial movement within the 
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cortex by glial-guided migration and (4) differentiated interneurons at their final position. Radial migration 
of projection neurons (green) is shown in five steps: (1) the neuron is born at the ventricular surface, (2) 
multipolar phase of migration, (3) radial movement by glial-guided migration, (4) terminal translocation 
and (5) differentiated projection neuron at its final position. MZ, marginal zone; CP, cortical plate; IZ, 
intermediate zone; SVZ, subventricular zone; VZ, ventricular zone. 
C) General anatomy of a radially migrating neuron. The nucleus is depicted in dark grey. The arrow 
indicates the direction of migration. Adapted from (Icha and Norden, 2014). 
 
Tangential migration was put forward as an explanation of lineage analysis studies, where the 
clonal neuronal progeny was found spread over the cortex instead of being located in a single 
radial column (Price and Thurlow, 1988; Walsh and Cepko, 1988). This mode of movement, 
perpendicular to the direction of glial cells, is used by the future interneurons that move from the 
ganglionic eminences in ventral telencephalon into the cortex (Wichterle et al., 2001). During 
tangential migration of cortical interneurons, the centrosome is also found in the leading process, 
where it organizes microtubules around the nucleus to pull it forward (Bellion et al., 2005). The 
forward movement of the nucleus is aided by actomyosin contractility at the cell rear end (Bellion 
et al., 2005; Martini and Valdeolmillos, 2010) (Fig. 2A). 
A special kind of tangential migration is the neuronal chain migration, which is a typical collective 
cell migration based on pioneer and follower cells. The best-studied example of neuronal chain 
migration is the rostral migratory stream, in which the interneurons move into the olfactory bulb 
in rodents. Additionally, such collective cell migration was described for zebrafish facial 
branchiomotor neurons (Wanner and Prince, 2013) or cerebellar granule neurons (Rieger et al., 
2009). 
Apart from radial and tangential migration, in which the neurons are always polarized and form 
leading and trailing processes (Fig. 1C), neurons sometimes fall into a multipolar migratory mode 
with several protrusions extending into different directions. This behavior is typical for freshly 
born neurons in the subventricular zone of the neocortex before they attach to a glial cell and 
start the glial-guided migration (Noctor et al., 2004b; Tabata and Nakajima, 2003). Multipolar 
migration is slower and less directional than the radial and tangential migration. Other cells that 
use this mode under normal circumstances are the amacrine and horizontal cells in the retina (see 
below). Neurons adopt this mode also when their main migratory mode is inhibited, e.g. their 
adhesion to the glial cells is perturbed (Elias et al., 2007).  
Lateral adhesion of the neuron to its neighboring cells is another cellular feature that needs to be 
tightly regulated during neuronal migration. To gain traction, cells have to dynamically attach in 
the leading process, which has to be coordinated with detachment from the substrate at the cell 
rear (Icha and Norden, 2014; Solecki, 2012). The general components of endocytic machinery 
like Clathrin, Dynamin and Rab proteins were shown to be important for neuronal migration 
together with the adhesion molecules N-cadherin and β1-integrin (Kawauchi et al., 2010; Shieh et 
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al., 2011). The sufficient deadhesion and endosomal recycling of L1 adhesion molecule was 
shown to be important in the neurons of mouse cortex (Mestres et al., 2016). The lowered 
adhesion is necessary for these neurons to transition from the multipolar phase right after cell 
division into the glial-guided migration (Mestres et al., 2016). Later during glial-guided migration, 
the adhesion was shown to be mediated by another class of adhesion molecules, the gap junction 
proteins connexins (Elias et al., 2007). Alternatively, this function is fulfilled by Ig superfamily 
tight junction protein JAM-C in cerebellar granule neurons (Famulski et al., 2010).
 
Figure 2. Molecular mechanisms of neuronal migration. 
A) Cellular morphology of tangentially migrating interneuron and its organelle arrangement. The image 
shows an interneuron migrating from left to right; stages of movement are depicted from top to bottom. 
First, the centrosome (grey circle) and the Golgi apparatus (blue) move into the swelling of the leading 
process. During this movement, the centrosome splits and the Golgi apparatus straightens in direction of 
migration (gray arrow). Subsequently, the nucleus (dark red) travels towards the centrosome/Golgi. In 
some cases, the nucleus deforms and moves due to forces exerted by actomyosin contractions (light red) at 
the cell rear. Leading process morphology: one of the interneuron leading processes branches, gets 
stabilized and determines the direction of migration for the next migratory cycle; other branches are 
retracted and new ones are created (gray arrows). 
B) Cellular morphology of neurons undergoing glial-guided migration. The direction of neuronal migration 
is from bottom to top. The sequence of events is depicted from left to right. First, the centrosome (grey 
circle) is pulled into the swelling of the leading process by actomyosin contractions (light red). Then the 
nucleus (green) translocates towards the centrosome (arrow). The zoomed in view of the migrating neuron 
on the right shows the detailed arrangement of the microtubule cytoskeleton: Microtubules (lines) form a 
cage-like structure around the nucleus. The microtubules in the leading process (red lines) are anchored to 
the centrosome and acetylated and thereby stabilized. The microtubules forming the cage around the 
nucleus (dark green lines) are not directly anchored to the centrosome. They are tyrosinated and thereby 
dynamic. Dynein (blue) is also localised around the centrosome as well as in the proximal leading process 
during glial-guided migration. Adapted from (Icha and Norden, 2014).
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1.1.3 Somal translocation 
Somal translocation is used as a mode of migration by neurons that inherit a basal process 
attached to the basement membrane, towards which they will migrate. It is characterized by the 
movement of cell body through the basal process towards the basement membrane. Somal 
translocation was described around the same time as glial-guided migration and the somal 
translocation of retinal ganglion cells (RGCs) in the mouse retina served as a prime example of 
this translocation mode (Hinds and Hinds, 1974; Morest, 1970a, b). Somal translocation is the 
sole migratory mode of very young projection neurons in the cerebral cortex (Nadarajah et al., 
2001) and it is further used by neurons in the brain stem, spinal cord and by ganglion, amacrine 
and bipolar cells in the retina (see below). Additionally, somal translocation is employed by 
neurons after a phase of glial-guided migration once they reach closer to the pial surface and their 
leading process attaches to it (Brittis et al., 1995; Marin et al., 2010; Nadarajah et al., 2001). What 
these examples have in common is the moderate distance, typically tens of micrometers, that is 
traveled by translocating neurons. 
Somal translocation comes in two flavors; sometimes the neuron loses the apical (ventricular) 
attachment soon after birth and becomes unipolar (e.g. the first wave of pyramidal neurons 
exiting the cell cycle in the neocortex (Nadarajah et al., 2001)). In other cases the neuron keeps 
both processes and is bipolar throughout the whole translocation and loses the apical process 
only once the cell soma reached its final position (e.g. the RGCs (Zolessi et al., 2006)). Somal 
translocation is independent of the surrounding cells, e.g. the glial fibers and unlike glial-guided 
migration, which occurs in discrete steps, somal translocation is more continuous. 
Although somal translocation is so widespread, there has not been much progress in unraveling 
its molecular mechanisms. Multiple reports show that in neurons undergoing somal translocation 
the centrosome is located in the trailing, apical (ventricular) process (Miyata and Ogawa, 2007; 
Shoukimas and Hinds, 1978; Zolessi et al., 2006) and cannot fulfill the same function as in 
neurons undergoing tangential or glial-guided migration. Miyata and colleagues proposed a 
different mechanism, which the young cortical neurons use to move basally. In their model based 
on mechanics of the basal process, the neuron twists its basal process to create supercoils that 
shorten the process and this helps the cell to approach the pial surface (Miyata and Ogawa, 
2007). The molecular basis for the twisting is solely based on intermediate filaments while 
microtubules and actin cytoskeleton are not required for the twisting to occur. Such process 
twisting was not observed in other tissues, thus although this is an appealing explanation, it is 
likely not a universal mechanism of somal translocation. Other study that touched upon the 
mechanism of somal translocation focused on the movement of serotonergic neurons in the 
ventral brain stem (Hawthorne et al., 2010). It described a requirement for Dynamin, whereas no 
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role for Myosin II and kinesins (Hawthorne et al., 2010), but these conclusions are supported 
only by experiments with small molecule inhibitors and very basic analysis of only few cells. 
Thus, the molecular mechanisms of somal translocation are still an open question.  
 
1.1.4 Zebrafish as an ideal model for neuronal migration research 
The limitation of the majority of neuronal migration studies is that they were performed in an ex 
vivo setting because the dominant model organisms, mouse and rat, are not easily amenable to in 
vivo imaging. But in the developing nervous system, the migrating neurons are exposed to the 
surrounding tissue in the form of gradients of signaling molecules, extracellular matrix 
components, neighboring cells and tissues with certain stiffness, all of which have been 
implicated to play a role in neuronal migration (Cooper, 2013; Icha and Norden, 2014; Marin et 
al., 2010). This implies that if we want to truly understand neuronal migration, we should observe 
it in this in vivo environment. Such imaging of mouse embryos is technically possible (Ang et al., 
2003; Yanagida et al., 2012; Yokota et al., 2007) but it is facing obstacles intrinsic to the mouse 
system like in utero embryonic development and opacity of tissues. Nevertheless, these 
experiments are valuable and reveal information that cannot be gained in any other way and 
uncover potential artifacts; for example the identical neuronal migration event imaged in vivo was 
faster than when it was imaged in explants (Ang et al., 2003). 
Nonetheless, the vertebrate model system that is most suitable for in vivo imaging of neuronal 
migration is the zebrafish, for the following reasons. Zebrafish embryos develop ex utero and are 
translucent during the embryonic stages. Furthermore, they are robust enough to survive 
mounting into agarose gel and extended imaging. The nervous system of zebrafish develops 
rapidly within the first five days after fertilization, which often allows capturing a whole 
neurogenesis and migration event in a single time-lapse experiment. Zebrafish brain is less 
complex than the mammalian brain, e.g. does not have the neocortex, but the low complexity can 
be viewed as an advantage. Genetic techniques for zebrafish are well developed with the 
exception of RNAi and there is a large collection of transgenic lines labeling diverse neuronal 
subpopulations. All these reasons contribute to increasing popularity of zebrafish as a model for 
studying neuronal migration (Distel et al., 2010; Rieger et al., 2009; Stockinger et al., 2011) and 
others. 
In summary, despite the broad variety of neuronal migration, most studies that focused on the 
intracellular mechanisms of migration have concentrated on one particular mode of migration, 
i.e., radial glial-guided migration in mouse and rat, leaving the variety of mechanisms in other 
tissues and organisms unexplored. Therefore, I argue that using zebrafish and focusing on other 
migratory modes can broaden our understanding of the diversity of neuronal migration. 
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Knowing the diversity enables us to identify the common themes in neuronal migration and in 
the cell biological mechanisms behind all the different migratory modes in various contexts. 
 
1.2 Basal process inheritance and attachment of neuronal progenitors and neurons during 
CNS development 
 1.2.1 Asymmetric inheritance of basal process influences cell behavior and fate 
In the early stage of neurogenesis, when most of the tissue is formed by progenitors, neurons are 
born by asymmetric apical divisions of neural progenitors. These apical divisions give rise to one 
neuron (N) and one progenitor cell that will divide further (P). The fate of the daughter cells is 
often decided by asymmetric segregation of various cellular components (Paridaen and Huttner, 
2014). One of the cellular components that is typically asymmetrically inherited and influence the 
fate of daughter cells is the basal process. It was shown in many systems that although being 
extremely thin, the basal process is retained throughout cell divisions in neuroepithelia and 
inherited by one of the daughter cells, while the second cell rapidly grows a new one (Fig. 3A) 
(Das et al., 2003; Miyata et al., 2001; Miyata et al., 2004; Noctor et al., 2001; Saito et al., 2003). In 
the early stages of neuroepithelia development, the basal process can be also split in two during 
mitosis and inherited by both daughter cells (Fig. 3D) (Kosodo et al., 2008). 
 
Figure 3. Basal process inheritance in neuroepithelia. 
Apical side is down in all images. 
A) In the symmetric progenitor divisions in the retinal neuroepithelium, the basal process is inherited by 
one daughter cell, while the second daughter regrows a new process. 
B) In the N/P asymmetric divisions in the mouse cortex, the basal process is inherited by the progenitor 
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(R, green), whereas the neuron (red) migrates basally. 
C) In the symmetric progenitor divisions in the retinal neuroepithelium, basal process inheritance governs 
the nuclear movements of the daughter cells. The nucleus of the process inheriting daughter (x1) 
translocates basally faster than the nucleus of the daughter (x2), which has to regrow the process. 
D) In the progeenitors in the zebrafish spinal chord, the basal process can split in two right before mitosis 
and these two processes are either inherited symmetrically, one by each daughter cell (upper panel) or 
asymmetrically, both by one daughter cell (lower panel). 
 
In the asymmetric neurogenic (N/P) divisions, the basal process can in theory be inherited either 
by the differentiating neuron or the sister cell, which will keep dividing. The preferential 
inheritance of the basal process by the differentiating neuron in N/P divisions has only been 
documented in one study of an early developmental stage of the mouse cortex (Miyata et al., 
2001). Only at this early stage is the progenitor sister able to regrow a new basal process and the 
inherited mother basal process facilitates somal translocation of the newly born neuron. This 
facilitating role is also apparent in N/N divisions in the mouse retina, where the process-
inheriting neuron moves basally faster using the somal translocation mode (Saito et al., 2003). At 
later stages of development of the mouse cortex, the opposite situation of progenitors inheriting 
the basal process in N/P divisions becomes the norm (Fig. 3B) (Konno et al., 2008; Noctor et 
al., 2004b; Shitamukai et al., 2011). Neurons born in these N/P divisions do not use somal 
translocation anymore due to the lack of basal process and long distance that needs to be 
travelled to their destination – the pial surface. Instead, these neurons employ glial-guided 
migration to move basally. The established view is that the attachment to the basal lamina is 
important for self-renewal of the progenitors and this applies to both apical divisions (Konno et 
al., 2008; Noctor et al., 2004b; Shitamukai et al., 2011) and basally dividing progenitors known as 
basal radial glia (lost the apical process, but keep the basal process) (Fietz et al., 2010; Hansen et 
al., 2010). The data from mammalian brain on basal process inheritance were also confirmed by 
imaging of asymmetric divisions in the developing neural tube of zebrafish, where the basal 
process was also inherited by the progenitor cell (Alexandre et al., 2010). 
Basal process inheritance generates variability even in the progeny of P/P divisions with a 
symmetrical cell fate outcome. One of the parameters dependent on basal process inheritance is 
the kinetics of basal IKNM in progenitors in the mouse cerebral cortex and retina (Fig. 3C) 
(Miyata et al., 2004; Okamoto et al., 2013; Saito et al., 2003). The process-inheriting daughter cell 
clears the mitotic zone faster than the second daughter, which has to grow a new process and 
moves basally with lower directional persistence. This sequential exit from the apical area creates 
a situation, when one daughter cell is typically found above the other in the same column of the 
tissue instead of next to the other daughter. The cells are kept in the same column of the tissue 
because neuroepithelia are very crowded and only allow the nuclear movement along the already 
existing basal processes. 
The length of the whole cell cycle of the two daughter cells is influenced by the basal process 
 
 
 
 
9 
inheritance too. The process-inheriting progenitor cell in the mouse retina has a slower cell cycle 
(Saito et al., 2003). However, in the zebrafish retina the data point in the opposite direction, with 
the process-inheriting cell having a faster cell cycle (Norden lab, unpublished observations). The 
divergence between the sister cells is 20 minutes, which is rather short, representing only 7% of 
their total cell cycle length, but this difference is very consistent. Either way, there seems to be a 
link between the basal process and cell cycle length. It was hypothesized that such link is based 
on signaling from integrins in the basal process to the cell cycle checkpoint machinery (Saito et 
al., 2003) or alternatively, it could be an indirect effect of the different nuclear trajectories of 
sister cells. In the alternative hypothesis (Baye and Link, 2007, 2008), the variance arises because 
the nucleus of the cell inheriting the mother basal process not only travels basally faster, but also 
reaches basally deeper. This could cause differential exposure of the daughter nuclei to 
environmental signals, as some studies suggest a presence of an apico-basal gradient of signaling 
molecules, e.g. of the Notch pathway in the developing retina (Baye and Link, 2007; Del Bene et 
al., 2008). Following the fate of the daughter cells with uneven IKNM in the zebrafish retina 
revealed that in the next mitosis, the more basally migrating daughter nucleus is more likely to 
undergo a neurogenic division (Baye and Link, 2007). This provides a mechanism, how a basal 
process inheritance in one cell division could influence the outcome of the next mitosis. 
 
1.2.2 Basal process attachment to the basement membrane is required for normal tissue 
morphogenesis 
The adhesion of neuroepithelial cells to the extracellular matrix (ECM) via the basal process is 
crucial for normal tissue development. This was shown by disruption of the basal attachment of 
cells from both inside and outside of the cell. Intracellularly, this was done by targeting integrins, 
other transmembrane adhesion molecules and proteins associated with the focal adhesion. 
Extracellularly, similar results were obtained by targeting the ECM itself. In this section, I review 
these studies both in the brain and in the retina. 
The basal process is important for progenitor cells in the brain, among other things for their self-
renewal, as noted above. When the progenitors in the mouse brain lack β1-integrin, it leads to 
their detachment from the basement membrane and severe malformations of the tissue (Graus-
Porta et al., 2001). Perturbing basal attachment of the basal progenitors (basal radial glia) by 
integrin inhibition decreases their number and it reveals that integrin attachment is required for 
asymmetric self-renewing divisions of these cells (Fietz et al., 2010). Upon knockdown of 
another adhesion protein TAG-1, apical progenitors in the mouse cortex lose their basal 
attachment, which leads to their shrinkage and crowding of the subapical space, because their 
nuclei fail to undergo basally oriented IKNM (Okamoto et al., 2013).  Subsequently, mechanical 
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stress increases in the subapical area to the point that it leads to an untimely delamination of 
these progenitors. However, these cells keep proliferating in the subapical space and produce 
neurons correctly. Nevertheless, histogenesis is impaired with early and late neurons intermixed 
and no regular lamination of the cortex (Okamoto et al., 2013). 
The attachment of the basal process is also crucial for neurons that undergo somal translocation 
to the pial membrane in the cortex (Franco et al., 2011). Basal process attachment is stabilized by 
a signaling pathway leading from the ECM protein Reelin, which triggers N-cadherin 
upregulation in the basal process to stabilize the attachment during somal translocation (Franco 
et al., 2011). Disruption of this pathway in a way that specifically affects somal translocation and 
not other modes of migration is sufficient to cause lamination defects in the cortex (Franco et al., 
2011). Overall, basal attachment of progenitor cells and young neurons in neuroepithelia is 
crucial for later development of the tissue and even though the proliferative and differentiation 
capacity of cells may not be affected, the lamination of the tissue is usually perturbed. 
In the retina, we can also think about the progenitor cells and immature RGCs as springs 
attached to the basement membrane (Galli-Resta et al., 2008). In case the retinal basement 
membrane was depleted of its core components, it lead to tissue morphogenesis defects. In the 
rat retina, enzymatic digestion of chondroitin sulfate in its basement membrane disorganized the 
developing RGC layer and lead to ectopic RGC differentiation with axon growth into wrong 
directions (Brittis et al., 1992). At that time it was impossible to perform live imaging to 
understand the mechanism of origin of these ectopic RGCs. It could be explained by an earlier 
defect caused by detachment of progenitor cells from the basal side that will later give rise to 
RGCs. Alternatively, an aberrant polarization and axon growth of RGCs into wrong direction 
could displace the RGC cell bodies. In a follow up study it was documented that exogenous 
chondroitin sulfate can repolarize immature RGCs in the rat retina, so that they form the RGC 
layer at the apical side of the retina with axons oriented in the opposite direction (Brittis and 
Silver, 1994). Similar observations of ectopic RGCs displaced into the vitreous and disorganized 
optic nerve were made in the chick retina after basement membrane digestion (Halfter et al., 
2001). Requirement for the basement membrane is in line with the observed lamination 
phenotype in diverse laminin mutants (Pinzon-Duarte et al., 2010; Semina et al., 2006) and the 
study of Randlett and colleagues (Randlett et al., 2011b), in which they described the importance 
of Laminin α1 in the retinal basement membrane of zebrafish for oriented axon outgrowth from 
RGCs. This study expanded on previous observations that components of basal lamina can 
polarize immature RGCs (Zolessi et al., 2006).  
RGCs seem to be sensitive not only to perturbation of the basement membrane but also to 
weakened attachment to it, as reviewed in (Galli-Resta et al., 2008). Recently it was shown in the 
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mouse that β1-integrin and its adaptor protein Cas are required for normal formation of the 
RGC layer. In the absence of these proteins, RGCs formed ectopically and in clusters instead of 
in a regular basal layer (Riccomagno et al., 2014). However, without live imaging data it is unclear 
how and when exactly this defect occurs. Overall, the intact basement membrane and the 
attachment of cells to it are required for correct positioning of RGCs in the basal retina and 
development of the compact RGC layer. 
 
1.3. Development of the retina with focus on retinal ganglion cells 
 1.3.1 Early retinal development 
Even though mature retinas of different vertebrates are specialized due to the different ecology 
of each species, the early steps in retinal development are conserved across phyla. First, an 
anterior part of the neural plate is specified by the expression of a set of eye field specifying 
transcription factors as the future retina. These cells evaginate and form two optic vesicles on 
each side of the neural tube (Bazin-Lopez et al., 2015; Fuhrmann, 2010). Optic vesicles are two-
layered, ellipsoid, epithelial structures that later undergo morphogenetic movements, during 
which the more distal layer bends and elongates and the more proximal layer spreads, while the 
cells from the more proximal layer move into the distal layer (Heermann et al., 2015; Martinez-
Morales et al., 2009; Picker et al., 2009). The distal layer forms the retinal neuroepithelium 
(RNE), which later gives rise to all retinal neurons and the proximal layer forms the retinal 
pigmented epithelium. By this process, the optic cup is formed and this time point corresponds 
to 24 hours post fertilization (hpf) stage in the zebrafish. RNE cells are elongated and display the 
typical epithelial features; they are apico-basally polarized, connected with adherens and tight 
junctions at the apical side, and they are attached to the basement membrane also called the inner 
limiting membrane. The RNE tissue has a pseudostratified morphology, which means that even 
though there is only one layer of cells, the nuclei are stacked in several layers because they assume 
variable position within the cells. The cell divisions in RNE occur exclusively at the apical side 
and the cells go through 2–3 rounds of cell cycle before they start differentiating into neurons. 
During these cycles, the nuclei of RNE cells undergo interkinetic nuclear migration (IKNM), 
which consists of rapid, directionally persistent apical migration in G2 phase, apical mitosis and 
less directed basal nuclear migration in G1 and S phases (Leung et al., 2011; Norden et al., 2009; 
Seymour and Berry, 1975). 
The differentiation into neurons does not start evenly within the zebrafish retina. The first 
neurons are born in the ventro-nasal region, from which the neurogenesis spreads as a wave (Hu 
and Easter, 1999; Neumann and Nuesslein-Volhard, 2000). The different retinal neurons are 
born in a conserved sequence, during which two major phases can be differentiated. First, the 
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retinal ganglion cells (RGCs) and amacrine cells (ACs) are born by apical asymmetric divisions of 
the RNE cells together with the committed precursors for the other cell types (Nawrocki, 1985; 
Sidman, 1960; Weber et al., 2014). This stage corresponds to ±34–48 hpf in the zebrafish. In the 
second phase, the committed precursors divide symmetrically, both apically and non-apically, 
giving rise to two photoreceptors (PRs), two horizontal cells (HCs) or two bipolar cells (BCs) as 
shown in the zebrafish (Godinho et al., 2007; Weber et al., 2014) and chicken retina (Boije et al., 
2009). All the retinal neurons have to translocate from their place of birth to their final position, 
but unlike the long distances in the brain, here the cells travel only tens of micrometers. Another 
difference between neuronal migration in the brain and in the retina is that in the retina only 
somal translocation (RGCs, PRs, ACs, BCs) (Chow et al., 2015; Morgan et al., 2006; Snow and 
Robson, 1995; Zolessi et al., 2006) and multipolar mode (ACs, HCs) (Chow et al., 2015) have 
been observed so far. Following their translocation, neurons form three compact nuclear layers 
composed of their cell bodies and two plexiform layers composed of synapses the neurons form 
with each other (Fig. 4). 
 
Figure 4. Current understanding of neurogenesis in the zebrafish retina. 
This scheme adapted from (Chow et al., 2015) represents the current state of knowledge of zebrafish 
retina development from the onset of neurogenesis around 34 hpf until around 96 hpf, when all the 
neuronal cell types and layers are formed. The progenitor cells are not depicted. AS, apical surface; BC, 
bipolar cell; BS, basal surface; dAC, displaced amacrine cell; GCL, ganglion cell layer; HC, horizontal cell; 
iAC, inner nuclear layer amacrine cells; INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer 
nuclear layer; OPL, outer plexiform layer; PR, photoreceptor; RGC, retinal ganglion cell; RIN, retinal 
inhibitory neuron. 
 
1.3.2 Retinal ganglion cell development and specification 
RGCs are born apically at a time point, when all the surrounding cells are still RNE cells (Cajal, 
1972; Nawrocki, 1985; Sidman, 1960). RGCs will subsequently create the first neuronal layer at 
the basal side of the retina and form axons that bundle into the optic nerve and dendrites that 
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contact AC dendrites and BC axons and together constitute the IPL. Eventually, RGCs will 
transmit the visual information from the retina into the brain. But before that, RGCs have to 
move from the apical to the basal side of the retina. They do so by somal translocation (Poggi et 
al., 2005; Zolessi et al., 2006), which means that the cells are attached at both the apical and the 
basal boundaries of the epithelium and only the nucleus moves within the cell. The molecular 
players in this process are still unknown, despite a long history of research on RGC development 
documented in the next section. 
The crucial transcription factor necessary for RGC specification is Ath5 (Atoh7, atonal bHLH 
transcription factor 7). The zebrafish ath5 mutant (lakritz) (Kay et al., 2001) and the mouse ath5 
mutants (Brown et al., 2001; Wang et al., 2001) do not develop RGCs. Ath5 becomes expressed 
during the last cell cycle of the neuroepithelial progenitor cell and restricts the fate of the 
daughter cells. All RGC precursors express Ath5, but not all Ath5 expressing cells become 
RGCs. The sister cell of RGC becomes almost invariably a photoreceptor precursor. This Ath5 
lineage is fixed, giving rise to one RGC and two photoreceptors ((Weber et al., 2014), Norden lab 
unpublished data), which disagrees with the current models of stochastic neurogenesis in the 
retina developed based on the random cellular composition of individual clones (Boije et al., 
2015; He et al., 2012) and provides an example of a deterministic lineage reminiscent of the 
situation in Drosophila neuroblasts (Isshiki et al., 2001). This discrepancy will require further 
refinement of this model, but the issue of lineage specification in the retina is not the subject of 
this thesis and the emphasis is put on the translocating ganglion cell.  
 
1.4 Previous reports of RGC and amacrine cell translocation in various vertebrates 
 1.4.1 Classic studies of RGC development using Golgi staining or electron 
microscopy 
Many scientists at the end of the 19th century noted that RGCs are the first neurons, which are 
differentiating in the developing vertebrate retina (Cajal, 1972). Based on Golgi staining in several 
vertebrate species, Cajal was the first one to describe the developing RGCs (Fig. 5A). He 
postulated that immature RGCs are bipolar and noted that it is hard to distinguish neural 
progenitors from early stages of RGC development based on their morphology. However, he 
wrongly concluded that the developing RGC is not attached to both apical and basement 
membranes and postulated that the cell bodies move actively by chemotaxis. 
The first correct description of RGC somal translocation came from the rat retina and was based 
on Golgi staining (Morest, 1970a). This study highlighted that the immature (axonless) RGCs 
undergoing somal translocation (called perikaryal translocation at that time) are attached to both 
apical and basement membranes of the retina. However, it was incorrectly hypothesized that 
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somal translocation is a secondary passive process occurring after axon formation. This was a 
recurring hypothesis in the literature, also for the IKNM of progenitor nuclei in general (Sauer, 
1935). Although for IKNM in some systems it was later demonstrated that there is a large 
passive component in nuclear movement (Kosodo et al., 2011; Leung et al., 2011; Norden et al., 
2009), the somal translocation of immature neurons is an active process driven cell autonomously 
(Miyata and Ogawa, 2007; Nadarajah et al., 2001), which I demonstrate also for RGCs in the 
Results section. 
By using serial section electron microscopy in the mouse retina, Hinds and Hinds were able to 
reconstruct the sequence of RGC translocation by pooling information from many cells at 
various stages of development (Hinds and Hinds, 1974) (Fig. 5B). They successfully predicted a 
lot of aspects of RGC translocation, which were later confirmed by live imaging. They described 
the origin of RGCs exclusively from apical mitoses and the initial bipolar phase of RGC somal 
translocation followed by coinciding apical process retraction and axonogenesis. The position of 
several organelles in these cells was accurately described, which was later confirmed by live 
imaging. The centrosome (Zolessi et al., 2006), this study), primary cilium (Lepanto et al., 2016), 
this study) and the Golgi apparatus (this study) remain all in the apical process behind the 
nucleus during RGC translocation (Fig. 5B, arrow). Hinds and Hinds also noticed the 
accumulation of microtubules in the apical process of translocating RGCs (“Some of the bipolar, 
early transitional cells have conspicuous numbers of microtubules in the ventricular processes”), 
which I confirmed and show their importance for RGC translocation in the Results section. The 
one incorrect conclusion they made was that the neural progenitors, including the RGC 
producing ones, lose their basal processes during mitosis. This was due to examining fixed tissue 
and the very thin basal process was probably not preserved during the fixation procedure. The 
information about lineage specification was hard to extract solely from electron microscopy 
images, and it was incorrectly speculated that the division of neural progenitor giving rise to 
RGCs is symmetrical, typically producing two RGCs. The mistake is understandable, because 
now we know that both daughter cells early after division have similar morphology and both 
move basally, while only later the photoreceptor precursor cell retracts towards the apical side 
and RGC continues moving basally (Fig. 4, green and magenta cells). The questions of RGC 
lineage were resolved later by live imaging approaches (Poggi et al., 2005). Both of the studies 
(Hinds and Hinds, 1974; Morest, 1970a) correctly pointed out the low number of the transitional 
immature RGCs in the middle of the retina in their samples, from which they concluded that the 
movement of the RGCs from apical to basal side of retina must be rapid. 
In a subsequent study, the improved Golgi method allowed staining in the very early stages of 
chicken retinal development, when the retina was still dominated by progenitor cells (Prada et al., 
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1981).  The data acquired with this method yielded the same sequence of RGC development, 
confirming earlier observations (Hinds and Hinds, 1974; Morest, 1970a) and highlighting the fact 
that RGC behavior is conserved across vertebrates. Later studies (Snow and Robson, 1994; 
Watanabe et al., 1991) again confirmed earlier observations in the chicken. Thanks to staining of 
very early stages in RGC development by Tuj1 (neuronal specific !-tubulin isoform) antibody, 
they highlighted the fact that the immature RGCs keep the apical and basal attachment until their 
soma reaches the prospective RGC layer (Fig. 5C), which was not previously described (Cajal, 
1972; Hinds and Hinds, 1974). 
 
Figure 5. Older descriptions of RGC translocation. 
A) (Cajal, 1972)(1892). The apical mitosis of neural progenitor (C) is shown next to the retinal pigment 
epithelium (A, RPE). Cajal was not able to stain the earliest steps of RGC development, the RGC shown 
here undergoing translocation already has an axon. 
B) (Hinds and Hinds, 1974). The image sequence reconstructed from serial section EM of the mouse 
retina begins with a neural progenitor (1, 2, 3), which divides apically (4). Then the newly born RGC 
translocates its nucleus to the ganglion cell layer, GCL (5, 6, 7, 8) and grows the axon (9, 10). Arrow: 
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centrosome and primary cilium. Golgi apparatus is depicted as a black organelle in the apical process above 
the nucleus. 
Not matching my observations: (i) the basal process is lost in cell division. (ii) after the last division the 
RGC is at no point attached to both apical and basal sides of retina. 
C) (Watanabe et al., 1991). Note that this scheme is upside down compared to all the others. vent: apical 
side, vit: basal side. The antibody staining for Tuj1 (neuron specific tubulin isoform) allowed capturing the 
earliest stages of RGC development. RGC is born at the apical side (1) and undergoes somal translocation 
spanning the whole tissue (2). Then it retracts the apical process (3) and grows the axon (4). 
Not matching our observations: axon outgrowth from the side of the basal process. 
D) (Poggi et al., 2005). The ath5 lineage giving rise to RGCs is shown here. Neural progenitor (green) gives 
rise to an RGC (yellow) and a photoreceptor precursor cell (red). Behavior of both daughter cells described 
here is in almost complete agreement with my observations. 
Not matching our observations: The basal process is regrown after last cell division.  
E) (Zolessi et al., 2006). The same sequence of RGC development is shown again, with additional detail of 
differential behavior of early (green) and late born (red) RGCs. The early born RGCs completely lose the 
basal process before growing the axon from the same part of the cell. 
Not matching our observations: The basal process is regrown after last cell division. 
F) (Randlett et al., 2011b). The same sequence of RGC development is shown again, with hihglighted role 
for Laminin α1 in the retinal basement membrane (ILM) and kinesin Kif5C560 as an earliest marker for 
the forming axon. 
Not matching our observations: The basal process is regrown after last cell division. 
 
1.4.2 Previous fluorescence microscopy studies of RGC development 
The studies, which served as a foundation for my thesis (Poggi et al., 2005; Zolessi et al., 2006), 
combined transgenic zebrafish lines and live imaging using confocal microscopy (Fig. 5D and 
5E) to study RGC translocation. These time-lapse observations of RGC development generated 
many new insights. The sequence of events during RGC translocation was correctly described 
(Poggi et al., 2005). This study also deciphered the ath5 lineage, in which the Ath5 positive 
progenitor cell gives rise to one RGC and a sister cell, which forms the photoreceptor lineage. 
The authors could not observe another division of this photoreceptor precursor; therefore they 
concluded that it is also a postmitotic cell. Later it was documented that this cell from the 
photoreceptor lineage does divide once more (Weber et al., 2014), Norden lab unpublished data). 
A second irreproducible conclusion in this study was that the ath5 lineage specification could be 
influenced by external signals. They observed that wild type cells of the ath5 lineage transplanted 
into background without RGCs (lakritz mutant) have a tendency to divide symmetrically into two 
RGCs instead of one RGC and one photoreceptor precursor to compensate for the lack of 
RGCs (Poggi et al., 2005). This observation could not be replicated in later studies (Boije et al., 
2015), our unpublished data). The reason for this discrepancy remains unclear. 
The main focus of the subsequent study (Zolessi et al., 2006) was to explore the polarization of 
RGCs in vivo, but it covered aspects of RGC translocation as well. It showed that the in vitro 
polarization behavior of RGCs was very different from that in vivo, which demonstrated the value 
of observation of cells in their natural environment. The fundamental difference between in vitro 
and in vivo situation is that in vivo the cells never lose their polarity. Already as epithelial neural 
progenitors they are polarized within the tissue and during their differentiation into RGCs they 
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keep this information, always being attached to the retinal apical and basement membranes. 
Based on time-lapse imaging, Zolessi et al. for the first time detailed the sequence of events 
leading to RGC polarization. They revealed that (i) On average the axonogenesis followed one 
hour after the start of apical process retraction towards the cell body, but the timing was rather 
variable. (ii) Furthermore, by blocking apical process retraction they proved that even though 
axonogenesis coincides with apical process retraction, these are largely independent events. 
(iii) They pointed out that the basal and apical processes of RGC do not transform into axons 
and dendrites, contrary to older reports based on fixed tissue imaging (Cajal, 1972; Hinds and 
Hinds, 1974). Instead, the processes are first fully retracted before the axons and dendrites 
emerge. (iv) Other commonly held belief coming from in vitro studies this study dispelled was that 
the apical complex component Par3 or the centrosome are necessary for axonogenesis and 
localize in the forming axon (de Anda et al., 2005; Dotti et al., 1988). Instead, this report (Zolessi 
et al., 2006) showed that both Par3 and the centrosome remain in the apical process until it is 
fully retracted and do not take an active part in axonogenesis or in the preceding RGC 
translocation. 
Both studies (Poggi et al., 2005; Zolessi et al., 2006) document that RGC translocation across the 
retina takes 7–12 hours and Zolessi and colleagues added some more quantifications, e.g., that 
the average time RGCs spent retracting its apical process was four hours. Although these studies 
had many strong points, now we know that the quantitative descriptions contained in them were 
influenced by the harsh illumination conditions inherent in confocal microscopy (see below). In 
the Results section I provide more accurate estimates, for how long RGC translocation and other 
following events last. These corrected timings are more in line with the observations of unimaged 
control zebrafish embryos at different time points. 
Together, the recent works as well as the studies over the last century supported a common 
mechanism of RGC development in vertebrates. But they predominantly remained at the cellular 
level of description. When the intracellular organelles were followed, it was typically with respect 
to polarization and axonogenesis. However, no one investigated the cytoskeletal components and 
cell biological mechanisms driving the basal movement of RGC nuclei so far. This historical 
overview also highlights on the example of time-lapse imaging, which recently enabled a deeper 
understanding of RGC differentiation, that the available methods often limit the questions, 
which can be experimentally addressed by scientists in a particular era. 
 
1.4.3 Amacrine and horizontal cell translocation 
The second neuronal type undergoing somal translocation in the vertebrate retina are the 
amacrine cells. Amacrine cells are interneurons that form the second most basal neuronal layer in 
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the retina and project their dendrites into the inner plexiform layer, where they connect with 
RGCs. There are both similarities and differences between migratory mode of RGCs and ACs, 
which are worth considering. ACs are born at later, but overlapping, stages with RGCs and 
eventually assume the position right above the RGCs and establish connections with them in the 
IPL. 
The first study focusing systematically on the migration of ACs was based on serial section TEM 
of mouse retina and correctly documented the presence of bipolar and multipolar phase during 
AC migration (Hinds and Hinds, 1978). The details of their rather speculative model, due to the 
absence of cell specific marker for ACs, were later shown to be incorrect. While also others 
studied AC translocation using Golgi staining (Prada et al., 1987), a more complete picture of AC 
translocation was delivered only later by time-lapse imaging studies. 
Using zebrafish embryos, it was shown that after the terminal division at the apical side, the ACs 
reassume bipolar morphology keeping their apical attachment and sending the basal processes 
towards the future IPL (Chow et al., 2015) but not all the way to the retinal basement membrane 
like RGCs. The nuclei of ACs translocate towards the IPL during this bipolar phase of 
translocation. However, before reaching their final destination, ACs lose their basal and apical 
attachments and switch into a multipolar mode, during which they finish the migration and 
assume a final position. Other neurons following a similar pattern of translocation as ACs are the 
horizontal cells (HCs) (Chow et al., 2015). HCs are interneurons that reside below the 
photoreceptor layer and integrate the signal coming from the photoreceptors. Until the immature 
translocating interneurons reach the amacrine cell layer, HCs are undistinguishable from ACs but 
then HCs turn back towards the apical side and via the multipolar mode migrate just below the 
forming photoreceptor layer (Fig. 4, orange and violet cells). Until now it is unclear why this 
complex migratory trajectory exists, how it is triggered and whether it is required for HC 
differentiation.  
Time-lapse imaging of organotypic slice cultures of mouse retina (Krol et al., 2016) provided a 
similar picture of AC translocation as the zebrafish experiments (Chow et al., 2015). In addition, 
it was established that the translocation of mouse ACs depends on the atypical cadherin Fat3. In 
the absence of Fat3, AC translocation was delayed and less directional but eventually all the ACs 
reached their final position correctly. The atypical cadherin Fat3 was shown to organize actin 
cytoskeleton via the Ena/VASP actin regulators (Krol et al., 2016). 
As the ACs and RGCs are born at a similar time point from the same multipolar progenitors and 
initially display a similar morphology, it will be interesting to investigate to what extent are the 
migratory modes of ACs and RGCs driven by the same mechanisms. 
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PART 2 
1.5 Phototoxicity and the benefits of live imaging by light sheet fluorescence microscopy 
 1.5.1 Phototoxicity as a common problem in live imaging experiments 
This study was enabled by the adoption of a relatively new microscopy method, the light sheet 
fluorescence microscopy (LSFM) (Huisken et al., 2004; Stelzer, 2015). This method is much 
gentler to the living samples, which enables longer observations with higher resolution without 
phototoxicity artifacts (see below). I had the opportunity to directly compare the experimental 
outcome from identical time-lapse experiments in a spinning disk confocal and in a light sheet 
microscope. I found that the cell cycle in retinal progenitors and translocation of RGCs were 
slowed down in the spinning disk confocal microscope due to phototoxicity. In light of these 
observations, I was reminded of the importance of keeping the sample as intact as possible 
during live imaging. Therefore, I review here the issues of phototoxicity, which plague time-lapse 
imaging experiments and summarize some strategies to recognize it and to ameliorate this 
problem. 
 
Fluorescence microscopy in its many varieties is one of the most popular tools in biology. 
Imaging intact living specimens by fluorescence microscopy is a great non-invasive way, how to 
visualize a biological process. Still, for obtaining trustworthy data from live imaging microscopic 
experiments, it is critical to ensure a minimal effect of the experiment on the sample. 
Unfortunately, live imaging experiments in fluorescence microscopy, especially using the 
confocal microscopy, do not leave the sample as intact as it seems at the first sight. Many cell 
types and organisms, including zebrafish, are very susceptible to such laser light exposure (Cole, 
2014; Dixit and Cyr, 2003; Jemielita et al., 2013; Khodjakov and Rieder, 2006; Knight et al., 2003; 
Magidson and Khodjakov, 2013; Schroeder, 2011), which makes it challenging to image them at 
high resolution without phototoxic side effects. 
Phototoxicity in fluorescence microscopy originates from different sources. The organic 
molecules naturally present in cells, like flavins and porphyrins, absorb the visible light 
wavelengths and subsequently get degraded in a reaction with oxygen, while producing reactive 
oxygen species (ROS). Additionally, it was shown that fluorophores, which are introduced into 
cells as labels or probes, act as photosensitizers and make cells much more susceptible to light 
(Dixit and Cyr, 2003; Schneckenburger et al., 2012; Wagner et al., 2010; Waldchen et al., 2015). 
When the fluorophores in an excited state react with oxygen they get degraded and produce ROS 
in a similar way as the naturally present absorbing molecules (Dixit and Cyr, 2003; Waldchen et 
al., 2015). This phenomenon can be even exploited to kill cells using photosensitizing fluorescent 
proteins like KillerRed (Bulina et al., 2006). Practical experience from work with KillerRed 
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highlights that subcellular localization of fluorophores is another important factor in how much 
phototoxicity they cause. Membrane and mitochondrially localized KillerRed are the most potent 
inducers of cell death, due to membrane lipid oxidation and apoptosis induction, respectively 
(Bulina et al., 2006), KillerRed product information on the Evrogen website). On the contrary, 
KillerRed localized to cytoplasm is much less potent inducer of cell death. This implies that 
illumination conditions, which were found to 
be safe for a particular fluorophore 
subcellular localization, might become toxic 
when another structure in the cell is labeled. 
The photosensitizing effect of fluorophores 
has to be accepted as a constraint in most 
live imaging experiments, because the 
samples require oxygen and therefore it is 
impossible to use the oxygen scavenging 
systems. Oxygen scavengers are otherwise a 
good solution to limit bleaching and 
sample damage by ROS. However, 
changing the composition of the imaging 
medium can diminish the phototoxicity 
effects even in the presence of oxygen. The 
recommended additives to the imaging 
buffers or media are the antioxidants 
ascorbic acid (Knight et al., 2003) and the 
flavonoid rutin (Bogdanov et al., 2012), 
which effectively suppress GFP bleaching. 
These chemicals mimic the role of 
endogenous ROS scavengers, which is 
mainly glutathione, followed by ascorbate, 
tocopherol, histidine, imidazole and others. 
Additionally, it was described that 
removing the vitamins riboflavin or pyridoxal from cell culture imaging media significantly 
lowered GFP bleaching by the oxidative reddening mechanism (Bogdanov et al., 2009) without 
affecting cell survival for at least five days (Bogdanov et al., 2009).  
While buffer additives can have some corrective effect on phototoxicity, the most important 
parameter to think about is the excitation light. The obvious strategy is limiting the excitation 
Figure 6. The same total exposure spread over 
longer exposure times causes less phototoxicity. 
Tinevez and colleagues imaged the first two hours of 
C. elegans development at a spectrum of different 
illumination intensities. At the end of the time interval 
they counted the number of cells (N cell) in the 
embryo as a proxy for health. After plotting the 
dependence of the number of cells on illuminating 
light dose per z-stack, they obtained sigmoidal 
phototoxicity curves, in which they could identify safe 
light doses, phototoxicity thresholds and toxic light 
doses. The image shows two phototoxicity curves, 
acquired on the same wide-field system with the same 
total light exposure, differing only in the exposure 
time per slice. Orange: exposure time is 100 ms. 
Green: 500 ms. The C. elegans embryos can tolerate 
more than twice as much light, if it is delivered over 
longer exposure times as seen from the higher 
phototoxicity threshold of the green curve. The 
phototoxicity thresholds are, respectively, 1.85!10-
 2 [1.57!10- 2 to 2.13!10- 2] and 4.27!10-2  [3.65!10-
 2 to 4.88!10- 2 J/cm2/stack (value and (95% 
confidence interval). Adapted from (Tinevez et al., 
2012). 
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light to the minimal level that still delivers the information about the biological process followed. 
However, there are other ways of lowering phototoxicity even further. The same amount of 
excitation light can be delivered onto the sample in many ways that differ in the resulting 
phototoxicity. The critical value determining phototoxicity is the peak light intensity that the 
sample is exposed to at any time point, rather than the total light exposure throughout the whole 
imaging experiment (Chen et al., 2014; Dixit and Cyr, 2003; Tinevez et al., 2012), because live 
samples can recover at lower light delivery rate via intrinsic ROS detoxifying mechanisms. This 
was directly demonstrated on rat calcium waves in brain slices (Koester et al., 1999), tobacco cells 
mitosis (Dixit and Cyr, 2003) and C. elegans embryonic development (Fig. 6) (Tinevez et al., 
2012). In these examples, the lower phototoxicity was achieved by spreading the excitation light 
energy over longer time intervals.  The same or even higher total exposure delivered with lower 
light intensity and longer exposure time is much less harmful. 
Other helpful strategies how to spread the energy of the excitation light are based on introducing 
temporal breaks in the illumination. Excited fluorophores can switch with a low probability to a 
long -lived dark triplet state. The temporal breaks in illumination give the fluorophores time to 
return to the ground state. This, in turn, decreases photobleaching because most fluorophore 
photobleaching is triggered by absorption of another photon by a fluorophore in the triplet state 
(Donnert et al., 2007, 2009). This absorption causes fluorophore destruction and ROS 
generation. Examples of successful pulsed illumination implementation include replacing the 
mercury lamp with a pulsed LED source in wide field microscopy, which increased the health of 
human sperm (Nishigaki et al., 2006) or recovered the normal rate of mitosis in fibrosarcoma cell 
line (Cole, 2014). Pulsed illumination on a microsecond scale using rapid line scanning feature of 
a confocal microscope diminished the observed phototoxicity side effect on cells as well 
(Boudreau et al., 2016). 
Even with the optimized illumination strategy, the consensus is that the safe level of light 
exposure is still low and is not much higher than the solar constant (Schneckenburger et al., 2012; 
Stelzer, 2015). This is the amount of sunlight reaching the surface of Earth (±100 mW/cm2) and 
an illumination rate that most organisms evolved to handle. Light exposure comparable to the 
solar constant is hard to achieve in confocal microscopy and not reaching the toxic levels of light 
is practically impossible in super-resolution microscopy, perhaps with the exception of structured 
illumination (Carlton et al., 2010; Li and Betzig, 2016; Li et al., 2015; Waldchen et al., 2015). 
Imaging of live samples will always be defined by the trade-off between spatial and temporal 
resolution and phototoxicity-related artifacts. While finding the compromise, the sacrifice should 
only be made either with the spatial or temporal resolution, not the health of the sample. A good 
example of sacrificing the temporal resolution comes from the study on development of a 
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zebrafish craniofacial bone (Jemielita et al., 2013), where a doubling of the interval between time 
points effectively suppressed the phototoxicity-induced shape changes in the bone. A good 
example of sacrificing the spatial resolution to ensure the health of the sample is the study 
introducing the OMX structured illumination microscopy setup (Carlton et al., 2010). The 
authors lowered their initial illumination intensity at least one hundred times to ensure that the 
cell cycle of the yeast they were observing does not stop or does not slow down significantly. 
Such lower illumination intensity led to noisy data, but some of the lost resolution could be 
recovered by post processing the images. 
Importantly, there is a big difference in phototoxicity among the wavelengths of laser light used. 
Blue light is much more harmful than red or near infrared light (Dixit and Cyr, 2003; Khodjakov 
and Rieder, 2006) due to the higher energy of blue light and higher absorbance of biomolecules 
in the blue part of the spectrum. The 405 nm wavelength needed, e.g., for photoactivation, 
appears to be unsuitable for live imaging (Waldchen et al., 2015). There is a significant difference 
between the 488 nm and 514 nm wavelengths (Waldchen et al., 2015) as well, which is not a 
widely acknowledged fact and should be taken into consideration when designing live imaging 
experiments. In general, red and far-red fluorophores should always be favored.  
Additional stressors can trigger phototoxicity even under the illumination conditions that seemed 
harmless, when tested on a control sample. Such stressors can be for example an addition of a 
drug or a genetic mutation. This was well documented by (Magidson and Khodjakov, 2013), who 
initially reported that mammalian cells without the centrosome are arrested in G1 phase 
(Khodjakov and Rieder, 2001) but it was later shown that under lower illumination these cells 
were able to progress through the whole cell cycle (Uetake et al., 2007). Such stress-triggered 
phototoxicity is particularly hard to notice. This implies that the controls for illumination should 
be performed in the actual experimental setting not in an untreated or wild type condition. 
Phototoxicity has a higher potential to corrupt experimental data in its subtle form like in the 
example above, when it influences cell behavior without apparent morphological signs of 
photodamage like cell blebbing, vacuole formation, nuclear fragmentation or necrosis (Tinevez et 
al., 2012). Such subtle phototoxicity that cannot be detected on the morphological level can take 
many forms, such as slowing down C. elegans embryonic development (Fig. 6) (Tinevez et al., 
2012), slowing down of human sperm flagellum beating (Nishigaki et al., 2006), anomalous 
leukocyte activation and adhesion in hamster skin (Saetzler et al., 1997), reduction of the dynamic 
range of calcium pulses  in neurons in the rat brain slices (Ji et al., 2009; Koester et al., 1999), 
occurrence of calcium transients in bovine chondrocytes (Knight et al., 2003), slowing down of 
metabolic activity in a retinal pigment epithelium cell line (Roehlecke et al., 2009), longer time 
spent in mitosis in fibrosarcoma cell line (Cole, 2014), relaxation of fibroblast cellular contractility 
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(Knoll et al., 2016), reduced protrusive activity and loss of mitochondrial membrane potential of 
Chinese hamster ovary cells (Boudreau et al., 2016) or slowing down of microtubule growth in 
HeLa cells (Waldchen et al., 2015).  My own observations of slower cell cycle progression in 
progenitor cells and slower neuronal migration in the zebrafish retina fall into the same category 
of effects of the subtle phototoxicity. With the appropriate precautions (as suggested below) we 
can avoid this phototoxicity in the live imaging experiments. 
 
1.5.2 Light sheet-based illumination ameliorates the phototoxicity problem 
Solutions based on adding and removing chemicals from the imaging media, changing the light 
exposure strategy or moving towards the red part of the visible light spectrum are typically not 
sufficient to give the experimentalists enough freedom to illuminate the sample as much as they 
need. The better approach is to change the geometry for sample illumination, specifically, to 
employ the more gentle imaging techniques that do not illuminate the whole volume of the 
sample at all times. For some specific experiments in thin samples, total internal reflection 
fluorescence microscopy (TIRF) is a good solution (Schneckenburger et al., 2012). A smart 
implementation of illumination control in the confocal microscope, like the controlled light 
exposure microscopy (Hoebe et al., 2007), might be also a viable strategy for more phototoxicity 
resistant samples. But a far more generalizable concept is the microscopy that uses illumination 
with a light sheet perpendicular to the plane of image detection (Huisken et al., 2004; Stelzer, 
2015). 
Light sheet fluorescence microscopy (LSFM) is the gentlest imaging method currently available 
(Stelzer, 2015) and is thus gaining more and more popularity. In LSFM, a thin laser light sheet 
illuminates only the slice of the specimen that is in focus of the detection objective at a given 
point (Fig. 7), which makes it very efficient in light use. Nowadays, the original light sheet 
illumination principle is implemented in many ways, and it has pushed the frontier of which 
biological processes are accessible to live imaging to all scales, from intracellular processes to 
whole embryo development (Bouchard et al., 2015; Chen et al., 2014; Chhetri et al., 2015; Keller 
and Ahrens, 2015; Keller et al., 2008; Legant et al., 2016; Maizel et al., 2011; Strnad et al., 2016; 
Strobl and Stelzer, 2014). Advantages of LSFM other than the gentle illumination include flexible 
mounting strategies, often into an agarose cylinder (Flood et al., 2016), which allows imaging the 
samples from different angles (views) or from multiple views simultaneously. This is 
indispensable particularly for larger, scattering specimens and it allows capturing them with high, 
almost isotropic resolution. In the case of imaging of zebrafish eye development, the low 
phototoxicity and flexibility in sample positioning are the biggest advantages of LSFM (Icha et 
al., 2016b). 
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Figure 7. Scheme of the light sheet illumination. 
Adapted from (Wikimedia commons, author Jan Krieger). 
 
Interestingly, not every organism and every tissue is sensitive to phototoxicity to the same extent. 
This was, for example, noted by Magidson and Khodjakov, who document that Drosophila and 
C. elegans embryos are much more resistant towards laser light exposure than mammalian cells in 
culture or zebrafish embryos (Magidson and Khodjakov, 2013). Each organism has adapted the 
power of their intrinsic ROS scavenging mechanisms to their habitat and their metabolism, e.g. 
soil, cave or marine animals are shielded from more of the ROS-inducing UV light hitting the 
Earth than the land animals and metabolism based on oxidative phosphorylation produces more 
ROS than glycolysis. Phototoxicity occurs only once these intrinsic ROS scavenging mechanisms 
reach a saturation threshold (Fig. 6).  
Figure 8. The same kinetics of Drosophila dorsal closure as measured in a spinning disk confocal 
and in a light sheet microscope. 
A) A scheme of the light sheet illumination (blue) and detection (green). Dorsal side of the embryo with 
the exposed amnioserosa is up. 
B) The definition of the Lproj as the projected length of amnioserosa seen from above in its widest point. 
C) Length of the exposed amnioserosa shrinks over time with the same kinetics irrespective of the 
microscope setup used to image it. Adapted from (Saias et al., 2015). 
 
Therefore, sometimes the use of confocal microscopy for live imaging is not problematic and can 
be beneficial especially in combination with other methods. For example, the process of 
Drosophila dorsal closure occurred with the same kinetics, when observed with LSFM and 
spinning disk confocal microscopy (Fig. 8), allowing the authors to combine data from the two 
imaging setups (Saias et al., 2015). LSFM allowed deeper tissue imaging to quantify amnioserosa 
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cell length and volume and spinning disk microscopy achieved higher spatial resolution when 
imaging the apical surface of the cells (Saias et al., 2015). Another empirical observation in the 
developmental biology imaging community is that the earliest embryonic development, i.e., 
cleavage divisions are more robust towards phototoxicity than later stages of development of the 
same animal likely due to the weakened cell cycle check points (Blythe and Wieschaus, 2015; 
Budirahardja and Gonczy, 2009; Ferree et al., 2016). This is due to the largely automated 
program of cleavage divisions, which do not even require transcription of the zygotic genome. 
 
1.5.3 Controlling for phototoxicity 
How to best detect and avoid side effects of phototoxicity in live imaging experiments? In some 
cases it is easy because there are clearly recognizable signs like morphological changes or cell 
death. Or, significant photobleaching is observed in the sample while monitoring the 
fluorescence (Carlton et al., 2010; Cranfill et al., 2016; Magidson and Khodjakov, 2013). As a rule 
of thumb, one should see no loss in fluorescence signal over time. A good control for 
photobleaching is to perform a light titration curve experiment, i.e. to quantify the fluorescence 
over time at different illumination levels (Fig. 9) (Carlton et al., 2010; Cranfill et al., 2016). This 
analysis produces different photobleaching curves and the fluorescence decay, if present, is easily 
visualized. Furthermore, the shape of the photobleaching curve is also informative; an 
exponential decay of fluorescence will likely bring more phototoxicity than linear decay. Another 
important quantity that can be extracted from light titration experiments is the saturation point. 
It is the intensity threshold, at which the sample does not emit more fluorescence even with 
increasing illumination. Illumination close to the saturation point should be avoided. 
Long before cells start to display the morphological changes or bleaching, they can already be 
affected by phototoxicity. This can also be the case in shorter experiments, where the shorter 
exposure to excess light leads to quantitative differences, which are not readily observable 
without first analyzing the dataset. To control for that, one should establish a relatively easy 
quantitative assay measuring changes of a parameter of the sample with increasing illumination. 
Plotting the dependence of that parameter on the illumination intensity will yield a phototoxicity 
curve, from which the safe levels of light exposure and the phototoxicity threshold can be 
extracted. This was shown well by (Tinevez et al., 2012) on the delayed cell divisions in the 
C. elegans embryo (Fig. 6), by (Carlton et al., 2010) who followed slowing down of cell divisions 
in yeast or by (Waldchen et al., 2015) who quantified the deceleration of microtubule growth. 
Ideally, the quantitative parameter would be connected to the research question, but it could also 
be one of the sensitive readouts mentioned above, such as the protrusive activity of cells 
(Boudreau et al., 2016) or time spent in mitosis (Cole, 2014). 
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Besides the quantitative measurements of 
a certain parameter at different 
illuminations, there are other simple 
strategies to find a safe light dose for the 
experiment. (i) Comparison of imaged 
samples to non-imaged controls and (ii) 
monitoring the viability of the samples 
after the imaging experiment is completed. 
A prime example of this approach would 
be the Tribolium embryogenesis study 
(Strobl and Stelzer, 2014), in which the 
imaged beetle embryos were left to develop 
until adulthood. 
In summary, recognizing the phototoxicity 
invisible on the morphological level can 
save the researcher from making the wrong 
conclusions. I experienced this on the data 
of cell migration speed and cell cycle length. Sometimes quantitative changes triggered by 
phototoxicity are inevitable due to the experimental setup. Data from such an experiment can 
still be useful to an extent, when a relative comparison within one study is made, e.g., comparing 
treated and control samples under the same illumination conditions. 
Phototoxicity can ruin the data from live imaging but scientists using fluorescence microscopy 
are increasingly aware of the problem. It was also highlighted by several journal editorials and 
technology features (Editorial, 2013; Marx, 2013; Tarnok, 2013), thus it is likely that in the future, 
journal editors, reviewers and all scientists using fluorescence microscopy will scrutinize live 
imaging data for phototoxicity artifacts and will put more emphasis on the appropriate controls 
of sample health during imaging. 
Figure 9. Photobleaching curves at illumination 
levels spanning five orders of magnitude. 
Photobleaching curves of Lac repressor::GFP foci in 
yeast cells. They were imaged at five successively lower 
excitation levels. The peak intensities in each 3D stack 
normalized to the intensity at the first time point were 
plotted as a function of time. Photobleaching is visible at 
both I0 and 0.1!I0 (green and blue). Safe levels of 
illumination start from 0.01!I0. At this intensity 
(magenta), the fluorescence was increasing, which may be 
due to photoactivation of GFP. The fluorescence in the 
two lowest intensities remained flat for the entire 30 
seconds of imaging. Adapted from (Carlton et al., 2010). 
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PART3 
1.6 Objective of the study 
During CNS development, most neurons have to move from their place of birth to the 
appropriate neuronal layer, where they polarize. For understanding the lamination and 
morphogenesis of the CNS, it is essential to understand the kinetics and modes of the variety of 
neuronal translocation events. One of these modes, somal translocation, is widespread during 
retinal and brain development but is so far understudied. What hindered deeper understanding of 
somal translocation was the difficulty of imaging it as it occurs in vivo. Neuronal migration in 
general was dominantly studied using fixed tissue or ex vivo imaging, which is not ideal for such a 
dynamic process heavily dependent on the surrounding environment. Therefore, I combine 
translucent zebrafish embryos and light sheet fluorescence microscopy, which together enable 
gentle, in toto imaging of neuronal translocation in the retina. In this thesis, I focus on RGCs 
somal translocation and the first lamination event in the retina, which is the RGC layer 
formation, but I expect that my findings in the zebrafish retina might be extrapolated to other, 
less accessible parts of the vertebrate CNS. So far, it was shown how RGCs translocate at the 
cellular level, by moving their soma basally while keeping the attachment to both apical and basal 
sides of the epithelium (Poggi et al., 2005; Zolessi et al., 2006). However, the cellular components 
and cell biological mechanisms that are employed in this movement of RGC nuclei remain 
completely unknown. Documenting the distribution and dynamics of cytoskeletal components is 
a good entry road in search of a more mechanistic insight into RGC translocation. The 
technological advance of light sheet fluorescence microscopy allows investigation of the true 
kinetics of somal translocation and search for other possible modes of RGC movement. Finally, 
returning to the tissue level, an important question is how building or failure to build the first 
basal neuronal layer in the retina influences subsequent lamination steps and formation of 
connections among the later born neurons. 
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2 Materials and Methods 
2.1 Zebrafish Husbandry 
WT TL zebrafish were maintained and bred at 26°C. Embryos were raised in E3 medium at 
28.5°C or 32°C and treated with 0.2 mM 1-phenyl-2-thiourea (PTU) (Sigma) from 8–10 hpf 
onwards to delay pigmentation. Medium was changed daily. All animal work was performed in 
accordance with European Union (EU) directive 2011/63/EU as well as the German Animal 
Welfare Act. 
 
2.2 Zebrafish transgenesis 
1 nl of Tol2 plasmid containing the ubiquitously expressed MT marker doublecortin 
Tg(bactin:GFP-DCX), Tg(hsp70:mKate2-aPKC-CAAX) or Tg(hsp70:mKate2-DN-Dynactin) at 30 ng/µl 
and Tol2 transposase RNA at 50 ng/µl in ddH2O supplemented with 0.05% phenol red (Sigma) 
was injected into the cytoplasm of one-cell stage embryos. F0 embryos with fluorescence signal 
were grown to adulthood and Tg carriers were identified by outcross with WT fish. 
 
2.3 Transgenic lines used 
line structures labeled reference 
Tg(bactin:GFP-DCX) all microtubules this study 
Tg(hsp70:mKate2-DN-
Dynactin) 
dominant negative Dynactin this study 
Tg(hsp70:mKate2-aPKC-
CAAX) 
aPKC in all membranes this study 
Tg(bactin:ras-GFP) all membranes gift from C.P. Heisenberg lab 
Tg(ath5:gap-GFP) 
membranes of RGCs and 
photoreceptors 
(Zolessi et al., 2006) 
Tg(ath5:gap-RFP) 
membranes of RGCs and 
photoreceptors 
(Zolessi et al., 2006) 
Tg(crx:gap-CFP) 
membranes of photoreceptors 
and bipolar cells 
(Almeida et al., 2014) 
Tg(ptf1a:DsRed) amacrine and horizontal cells (Jusuf et al., 2012) 
Tg(ptf1a:Gal4-VP16, 
UAS:gap-YFP) 
membranes of amacrine and 
horizontal cells 
(Pisharath and Parsons, 2009)  
(Williams et al., 2010)  
Tg(SoFa2) all retinal cells (Almeida et al., 2014) 
Tg(vsx1:GFP) bipolar cells (Kimura et al., 2008) 
 
2.4 Heat shock of embryos 
To induce expression of the heat shock promoter (hsp70) driven constructs, the Petri dish with 
embryos was placed into a water bath set to 37°C or 39°C for 15–30 min depending on the 
construct. Imaging was started 3–4 hours after heat shock. 
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2.5 Blastomere transplantations 
Embryos at high to sphere stage were dechorionated in glass dishes with 2 mg/ml Pronase 
(Roche) dissolved in Danieu’s buffer and later washed by E3 medium and transferred into 
agarose molds immersed in E3 medium. A few tens of cells from the donor embryos were 
transferred into the animal pole of the acceptors using a glass capillary. Acceptor embryos were 
then transferred to glass dishes with E3 medium supplemented with 100 units penicillin and 
streptomycin (Thermo Fisher Scientific) and kept at 32°C. 
 
2.6 DNA and morpholino injection 
DNA constructs were injected into the cytoplasm of one-cell stage embryos. The DNA was 
diluted in ddH2O supplemented with 0.05% phenol red (Sigma) and the injected volume ranged 
from 0.5–1 nl. DNA concentrations ranged from 10–20 ng/µl and did not exceed 30 ng/µl even 
if multiple constructs were injected (hsp70:EB3-mKate2, 5 ng/µl). 0.5–1 ng of laminin α1 
morpholino (5′-TCATCCTCATCTCCATCATCGCTCA-3′) or 0.5–1 ng of control morpholino 
(5′-CCTCTTACCTCAGTTACAATTTATA-3′) were injected together with 2–4 ng 
p53 morpholino (5′-GCGCAATTGCTTTGCAAGAATGT-3′), as reported previously (Randlett 
et al., 2011b). 2 ng of ath5 morpholino (5′-TTCATGGCTCTTCAAAAAAGTCTCC-3′, all Gene 
Tools) was injected as reported previously (Pittman et al., 2008) to inhibit RGC formation. 2 ng 
of p53 morpholino was also coinjected together with the hsp70:Stathmin1-mKate2 and 
hsp70:mKate2-NWASP-CA constructs to alleviate the toxicity connected with construct 
overexpression. 
 
2.7 DNA constructs used and cloning strategies 
Gateway cloning (Thermo Fisher Scientific) based on the Tol2 kit (Kwan et al., 2007) was used 
for all constructs. 
 
ath5:mKate2-aPKC-CAAX 
The coding sequence of mKate2-aPKC-CAAX (Strzyz et al., 2015) was assembled by classical 
cloning in the pCS2+ backbone and used as a template for creating the mKate2-aPKC-CAAX 
middle entry clone by PCR using Phusion polymerase (NEB) with primers: 
F: 5′-ggggacaagtttgtacaaaaaagcaggctggATGGTGAGCGAGCTGATTAAGG-3′ 
R: 5′-ggggaccactttgtacaagaaagctgggtcTTAGGAGAGCACACACTTG-3′ 
The Ath5 promoter 5′ entry clone (Kwan et al., 2007) was combined with mKate2-aPKC-CAAX 
middle entry clone and pTol2+pA R4-R2 backbone (Villefranc et al., 2007). 
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ath5:GFP-CAAX 
The Ath5 promoter 5′ entry clone (Kwan et al., 2007) was combined with GFP-CAAX middle 
entry clone (Kwan et al., 2007) and pTol2+pA R4-R2 backbone (Villefranc et al., 2007). 
 
ath5:GFP-DCX 
The coding sequence of human doublecortin GFP-DCX plasmid was a gift from Joseph Gleeson 
(Tanaka et al., 2004) (Addgene plasmid # 32852). The GFP-DCX middle entry clone was created 
by PCR using Phusion polymerase (NEB) with primers: 
F: 5′-ggggacaagtttgtacaaaaaagcaggctggATGGTGAGCAAGGGCGAGG-3′ 
R: 5′-ggggaccactttgtacaagaaagctgggtcTTACATGGAATCACCAAGCG-3′ 
The GFP-DCX middle entry clone was combined with the Ath5 promoter 5′ entry clone (Kwan 
et al., 2007) and pTol2+pA R4-R2 backbone (Villefranc et al., 2007). 
 
ath5:H2B-RFP 
The H2B-RFP middle entry clone (Strzyz et al., 2015) was combined with Ath5 promoter 5′ 
entry clone (Kwan et al., 2007) and pTol2+pA R4-R2 backbone (Villefranc et al., 2007). 
 
bactin:GFP-DCX 
The GFP-DCX middle entry clone (this study) was combined with the beta actin promoter 5′ 
entry clone (Kwan et al., 2007) and pTol2+pA R4-R2 backbone (Villefranc et al., 2007). The final 
construct was injected together with the Tol2 RNA to create the transgenic line. 
 
bactin: mKate2-ras 
The coding sequence of mKate2 with a membrane-targeting signal from Homo sapiens Harvey 
rat sarcoma viral oncogene homolog (HRAS) was used. The mKate2-ras middle entry clone was 
created by PCR using Phusion polymerase (NEB) with primers: 
F: 5′-ggggacaagtttgtacaaaaaagcaggctggATGGTGAGCGAGCTGATTAAGG-3′ 
R: 5′-ggggaccactttgtacaagaaagctgggtcTCAGGAGAGCACACACTTGC-3′ 
The mKate2-ras middle entry clone (this study) was combined with the beta actin promoter 5′ 
entry clone (Kwan et al., 2007) and pTol2+pA R4-R2 backbone (Villefranc et al., 2007). 
 
h2ax:Mannosidase-GFP 
This construct localizing to cis-Golgi apparatus containing a fragment of Mannosidase 2a was 
kindly provided by Brian A. Link, Medical College of Wisconsin. 
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hsp70:Arl13b-mKate2 
The coding sequence of human ADP-ribosylation factor-like protein 13B (Arl13b-mKate2) 
plasmid was a gift from B.Ciruna (University of Toronto). The Arl13b-mKate2 middle entry 
clone was created by PCR using Phusion polymerase (NEB) with primers: 
F: 5′-ggggacaagtttgtacaaaaaagcaggctggATGTTCAGTCTGATGGCC-3′ 
R: 5′-ggggaccactttgtacaagaaagctgggtcTTATTTGTGCCCCAGTTT-3′ 
The Arl13b-mKate2 middle entry clone was combined with the hsp70 promoter 5′ entry clone 
(Kwan et al., 2007) and pTol2+pA R4-R2 backbone (Villefranc et al., 2007).  
 
pCS2+ Centrin-tdTomato 
This construct was a kind gift from D. Gilmour (EMBL). 
 
hsp70:mKate2-DN-Dynactin 
This construct containing C-terminally truncated Dynactin subunit p150 leaving amino acids 1–
811 was published previously (Taverna et al., 2016). 
 
hsp70:EB3-mKate2 
To create the middle entry clone of human microtubule-associated protein RP/EB family 
member 3 (EB3, also called MAPRE3) tagged with mKate2 was amplified from pCS2+ EB3-
mKate2 (Strzyz et al., 2015) by PCR using Phusion polymerase (NEB) with primers: 
F: 5′-ggggacaagtttgtacaaaaaagcaggctggATGGCCGTCAATGTGTACTCC-3′ 
R: 5′-ggggaccactttgtacaagaaagctgggtcTCATCTGTGCCCCAGTTTGC-3′ 
The EB3-mKate2 middle entry clone was combined with the hsp70 promoter 5′ entry clone 
(Kwan et al., 2007) and pTol2+pA R4-R2 backbone (Villefranc et al., 2007). 
 
hsp70:GalT-RFP 
The GalT-RFP (N-terminal 61 amino acid fragment of human galactosyl transferase) plasmid 
was a gift from J. Lippincott-Schwartz (NIH). The GalT-RFP middle entry clone was created by 
PCR using Phusion polymerase (NEB) with primers: 
F: 5′-ggggacaagtttgtacaaaaaagcaggctggATGAGGCTTCGGGAGCCGC-3′ 
R: 5′-ggggaccactttgtacaagaaagctgggtctTTAGGCGCCGGTGGAGTGG-3 
The GalT-RFP middle entry clone was combined with the hsp70 promoter 5′ entry clone (Kwan 
et al., 2007) and pTol2+pA R4-R2 backbone (Villefranc et al., 2007). 
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hsp70:mKate2-aPKC-CAAX 
The construct was published previously (Strzyz et al., 2015). It was injected together with the 
Tol2 RNA to create the transgenic line. 
 
hsp70:mKate2-NWASP-CA 
The coding sequence of zebrafish wasb gene was amplified from cDNA. The truncation was 
created based on homology with a previously published human construct (Rohatgi et al., 1999). 
The last 55 C-terminal amino acids act as dominant negative and inhibit Arp2/3 complex. The 
NWASP-CA 3′ entry clone was created by PCR using Phusion polymerase (NEB) with primers: 
F: 5′-ggggacagctttcttgtacaaagtggctGTGTCTGAATCCCCGGAC-3′ 
R: 5′-ggggacaactttgtataataaagttgcTTAGTCATCCCATTCATCATCT-3′ 
The NWASP-CA 3′ entry clone was combined with the hsp70 promoter 5′ entry clone (Kwan et 
al., 2007), mKate2 middle entry clone (gift from A. Oates laboratory) and pTol2+pA R4-R3 
backbone (Kwan et al., 2007). 
 
hsp70:PCNA-GFP 
The coding sequence of human proliferating cell nuclear antigene (PCNA) was used as a 
template. The EGFP-PCNA middle entry clone was created by PCR using Phusion polymerase 
(NEB) with primers: 
F: 5′-ggggacaagtttgtacaaaaaagcaggctggATGGTGAGCAAGGGCGAGG-3′ 
R: 5′-ggggaccactttgtacaagaaagctgggtcCTAAGATCCTTCTTCATCCTCG-3′ 
The EGFP-PCNA middle entry clone was combined with the hsp70 promoter 5′ entry clone 
(Kwan et al., 2007) and pTol2+pA R4-R2 backbone (Villefranc et al., 2007).  
hsp70:Stathmin1-mKate2 
The construct containing the microtubule depolymerizing protein Stathmin 1 was published 
previously (Taverna et al., 2016). 
 
2.8 Drug treatments 
The necessary inhibitor concentration was determined based on previous studies in combination 
with a dilution series scanning for relevant phenotypes for all drug conditions. For CK-666 and 
Rockout this is shown in (Fig. 20A and B) and a similar experiment was carried out for 
colcemid treatment. The higher drug concentration was used when the embryos were mounted in 
agarose for imaging compared to experiments when embryos were directly exposed to the 
medium with the drug. Colcemid (Enzo Life Sciences) was dissolved in DMSO as a 25 mM stock 
solution. The final concentration was 100 µM. CK-666 (Merck) was dissolved in DMSO as a 
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50 mM stock solution. The final concentration was 200 or 250 µM. HPI-4 (Sigma) was dissolved 
in DMSO as a 56 mM stock solution. The final concentration was 1 µM. LY294002 (Cell 
Signaling Technology) was dissolved in DMSO as a 65 mM stock solution. The final 
concentration was 25 µM. Rockout (Santa Cruz) was dissolved in DMSO as a 50 mM stock 
solution. The final concentration was 50 or 100 µM. Aphidicolin (Sigma) was dissolved in 
DMSO as a 30 mM stock solution. The final concentration was 150 µM. Hydroxyurea (Sigma) 
was dissolved in H2O as a 1 M stock solution. The final concentration was 20 mM. All drug 
treatments were performed in 2 ml of E3 medium in a 24 well plate or in a glass bottom dish 
during the live imaging experiments. The same volumes of DMSO served as a control. The 
treatments started at the onset of RGC specification at around 32 hpf and lasted until 48 hpf, 
when embryos were fixed for immunostaining, or until the end of live imaging experiment.  
 
2.9 Immunofluorescence 
All immunostainings were performed as whole mount on embryos fixed in 4% paraformaldehyde 
(Sigma) in PBS. The embryos were permeabilized with trypsin, blocked and incubated with the 
primary antibody for 3 days. The Zn5 antibody (ZIRC, RRID:AB_10013770) was used 1:50, the 
phosphorylated histone H3 antibody (Abcam, Cat# ab10543, RRID:AB_2295065) was used 
1:500, the acetylated Tubulin antibody (Sigma-Aldrich Cat# T6793 RRID:AB_477585) was used 
1:500, the Laminin α1 antibody (Sigma-Aldrich Cat# L9393, RRID:AB_477163) was used 1:250. 
Then the embryos were incubated for 3 days with an appropriate fluorescently labeled secondary 
antibody (Molecular Probes) 1:1000 and DAPI or 5 µM DRAQ5 (Thermo Fisher Scientific). 
Phalloidin-AlexaFluor 488 (Life technologies) was used 1:50. The acridine orange (Sigma) was 
dissolved at 2 µg/ml in E3 medium and live embryos were incubated in the solution for 30 min 
followed by 10 brief washes with E3 medium and imaging with the GFP filter set. 
 
2.10 Image Acquisition 
Confocal Scans 
Fixed samples were imaged in LSM 510 or LSM 780 (Carl Zeiss Microscopy) using the 40×/1.2 
or 63×/1.2 C-Apochromat water immersion objective (Carl Zeiss Microscopy). The samples 
were mounted in 1% agarose in glass bottom dishes (MatTek) filled with E3 medium and imaged 
at room temperature. The microscope was operated with the ZEN 2011 (black edition) software. 
Time-lapse imaging Using LSFM 
Imaging was performed as previously described (Icha et al., 2016) using the Lightsheet Z.1 (Carl 
Zeiss Microscopy). Briefly, the embryo was embedded in a 0.9% low melt agarose column and a 
50–80 µm z stack of each eye was acquired with 1 µm steps in a single view, dual-sided 
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illumination mode. Images were taken every 5 min for 12–16 hrs using the 10×/0.2 illumination 
objectives and a Plan-Apochromat 20×/1.0 W or 40×/1.0 W detection objective (all Carl Zeiss 
Microscopy) and the two PCO.Edge 5.5 sCMOS cameras. The microscope was operated with 
the ZEN 2014 (black edition) software. The sample chamber was filled with E3 medium 
containing 0.01% MS-222 (Sigma) and 0.2 mM N-Phenylthiourea (Sigma) and maintained at 
28.5°C. 
Time-lapse Imaging Using Spinning Disk Confocal Microscopy 
The spinning disk setup consisted of the IX71 microscope (Olympus) and the scan head CSU-X1 
(Yokogawa). The samples were mounted in glass bottom dishes (MatTek) into 0.9% agarose in 
E3 medium containing 0.1 M HEPES pH=7.25 and 0.01% MS-222 (Sigma). The dish was filled 
with E3 medium containing 0.01% MS-222 (Sigma) and 0.2 mM N-Phenylthiourea (Sigma). 
Imaging was performed with UPLSAPO 60×/1.3 silicon oil objective (Olympus) and Neo 
sCMOS camera (Andor) at 28.5°C regulated by an environmental chamber. A z stack around 
30 µm thick was acquired with 1 µm steps every 5 or 10 min. The microscope was operated with 
the Andor iQ 3.0 software. 
 
2.11 Image Analysis 
All the image data were processed in Fiji (Schindelin et al., 2012). The raw LSFM data were 
deconvolved in ZEN 2014 software (black edition, release version 9.0) using Nearest Neighbor 
algorithm. The drift was corrected with a manual drift correction plugin 
(http://imagej.net/Manual_drift_correction_plugin). The apoptotic cells were counted 
automatically with a custom written ImageJ script (by Benoit Lombardot, MPI-CBG Scientific 
computing facility). GraphPad Prism, version 6.0c for Mac OS (GraphPad Software) was used 
for statistical analysis and to create graphs. 
 
Cell Trajectory, directionality ratio and MSD analysis 
Cell translocation was tracked manually in 2D on maximum projected substacks of the raw data 
by following the center of the cell body in Fiji using ImageJ plugin MtrackJ (Meijering et al., 
2012). The resulting trajectories were analyzed as described previously (Leung et al., 2011; 
Norden et al., 2009) by calculating instantaneous velocities, MSDs and directionality ratios. 
MSDs and directionality ratios were calculated in the DiPer program (Gorelik and Gautreau, 
2014) executed as a macro in Microsoft Excel. MSD values were fitted with 2DΔt
α to estimate the 
α. D represents the diffusion coefficient and Δt is the interval between time points. The fit was 
done with non-linear regression (least squares) in GraphPad Prism. 
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3 Results 
In my experiments aimed at understanding the translocation and lamination of RGCs, I first 
established a strategy to label and image RGCs in the intact zebrafish embryos at high resolution 
and without artifacts. Then, I characterized their translocation in the control situation. Building 
on that knowledge, I designed strategies to interfere with various cellular proteins and structures 
to elucidate, which of them are required for RGC translocation and lamination. Finally, I 
investigated the consequences of failed RGC translocation for subsequent steps in retinal 
morphogenesis. 
Some of the results shown in this section were generated by Christiane Grunert, an 
undergraduate student, who I supervised for one year. She contributed to many experiments with 
different perturbations of RGC movement (Fig. 19 and later). Mauricio Rocha-Martins, a visiting 
PhD student in the lab, helped in the final phase of the project and contributed (Fig. 23C, Fig. 
30D) and an idea for the experiment shown in (Fig. 33D). 
 
3.1 Newborn retinal ganglion cells undergoing somal translocation can be labeled by 
ath5  promoter-based constructs.  
I set out to study the translocation and lamination of retinal ganglion cells (RGCs) in the 
zebrafish embryonic retina (Fig. 10A). To distinguish the newly born RGCs from other cells in 
the retina, I took advantage of the ath5 promoter-driven constructs (Brown et al., 1998; Masai, 
2003). The transcription factor Ath5 (synonyms Atonal bHLH transcription factor 7, Atoh 7) 
becomes expressed in the subset of progenitor cells during their last cell cycle before 
differentiation and is responsible for commitment to the RGC lineage (Brown et al., 2001; Kay et 
al., 2001). Thus, it allowed following the process of RGC translocation in its entirety starting 
from the last progenitor division. This division of ath5 positive progenitors has a stereotypical 
outcome producing one RGC and a photoreceptor precursor cell (Poggi et al., 2005), which later 
divides once more to produce two photoreceptors (Norden lab unpublished data and a trend 
observed in retinal clones in (He et al., 2012)). In situations, when the labeling of all RGCs was 
desirable, I used two already established transgenic lines Tg(ath5:gap-GFP) and Tg(ath5:gap-RFP) 
(Zolessi et al., 2006). These lines labeled the cells in the ath5 lineage with membrane-targeted 
fluorescent proteins (Fig. 10A and B). In addition, the analysis often required mosaic labeling to 
distinguish the morphology of single cells, which can be in the zebrafish achieved by plasmid 
DNA injection into one-cell stage embryos. I typically injected the ath5:GFP-CAAX DNA to 
mark the cells of interest (for example Fig. 15A–C) in combination with other construct often 
containing the heat shock promoter hsp70, which allowed strong and temporally controlled 
expression of various markers or dominant negative versions of proteins. The expression of 
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different plasmids injected together overlapped in the vast majority of cells. Thus, these 
transgenic strategies provided us the right setup to study RGC translocation. 
 
Figure 10. RGC translocation in the zebrafish retina visualized by ath5  promoter based 
transgenes. 
A) Developing eye of a 34 hours post fertilization (hpf) embryo. ath5:gap-GFP transgene labels RGCs. The 
dashed box shows the typical area displayed in subsequent montages. In all figures the apical side of the 
retina is up and the basal side is down. Scale bar: 50 µm. 
B) Typical example of RGC translocation in LSFM. Green phase: directionally persistent movement. Gray 
phase: fine positioning. Dashed lines delimit the apical and basal sides of the retina. White dot: RGC 
followed. Arrowheads: basal process. Time is shown in hh:mm. Scale bar: 10 µm. 
 
3.2 Due to gentle illumination, LSFM is a more suitable imaging setup to follow RGC 
translocation than the spinning disk microscope. 
With the above described zebrafish embryos expressing ath5 transgenes, I needed to choose the 
right experimental setup to image RGC translocation with high resolution without artifacts. In 
the initial experiments aimed at optimization of the microscope setup for following RGCs, I 
observed that RGC translocation was slower in a spinning disk microscope compared to the 
LSFM (Fig. 11A and B), while all other parameters like the zebrafish strain or temperature were 
identical between the experiments. I identified only two features of the two microscope setups, 
which could be responsible for the translocation speed difference. (1) The samples were 
mounted under thicker layer of agarose for spinning disk imaging. This could decrease 
permeability for O2 and CO2 and negatively affect the health of the embryos. (2) Due to a 
different illumination strategy, the samples in the spinning disk microscope are exposed to more 
laser light in order to achieve comparable signal-to-noise ratio as in LSFM. This increased light 
exposure could trigger phototoxicity. Thus, I set out to test which of these two factors is 
responsible for the slower RGC translocation in the spinning disk microscope. 
To test whether the different mounting negatively affected the health of embryos and thereby 
explained the RGC speed difference, I compared the embryos mounted for each microscope 
with freely swimming ones. The embryos were kept mounted for 14 hours, a time interval of the 
typical time-lapse experiment. The scheme of the experiment is depicted in (Fig. 11C). The 
health of the embryos was assessed based on two readouts, the number of apoptotic cells and the 
heart rate of embryos. I did not detect any change in either apoptosis (Fig. 11D and E) or the 
heart rate (Fig. 11F) among the three sets of embryos. Thus, I concluded that both mounting 
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strategies are gentle to the embryos and the observed differences in RGC translocation speed 
could rather be explained as an artifact of excessive illumination in the spinning disk microscope. 
 
Figure 11. Slower RGC translocation in the spinning disk microscope is not due to different 
sample mounting but is caused by increased phototoxocity. 
A) Kinetics of RGC translocation in a spinning disk confocal microscope. 0 indicates mitotic position of 
cells. All trajectories in spinning disk microscope (n=8 cells, N=4 experiments) and an average trajectory 
±S.D. are shown plus the average of WT trajectories in LSFM. The jump in the average value at 140 min is 
caused by averaging fewer values. 
B) Comparison of instantaneous velocities during RGC directional phase between spinning disk confocal 
microscope and LSFM and between directional phase and fine positioning phase in LSFM. The values are 
taken from the first 95 min (or less) after mitosis or from the first 95 min of the fine positioning. The 
instantaneous velocities are calculated from the one-dimensional movement along the apico-basal axis of 
the retina. The movement from apical to basal has a positive sign; the reverse movement has a negative 
sign. Directional Sp. Disk (n=21 N=4, 399 data points), Directional LSFM (n=140 N=24, 2587 data 
points), Fine pos. LSFM (n=83 N=22, 1539 data points). 38 outliers were discarded by ROUT (Q=1.0%) 
for the plotting purposes, not for the statistical testing, which was done on the whole dataset. The 
differences between instantaneous velocities are statistically significant: Directional LSFM vs. Fine pos. 
LSFM Mann-Whitney U test p<0.0001; Directional LSFM vs. Directional Sp. Disk Mann-Whitney U test 
p<0.0001. The data are shown as Tukey boxplot (box shows median and interquartile range and whiskers 
show 1.5 of the interquartile range). The median instantaneous velocity Directional Sp. Disk= 0.101 
µm/min, Directional LSFM =0.261 µm/min, Fine pos. LSFM=0.015 µm/min. 
 C) Scheme of the experiment testing the influence of mounting for different microscopes on fish viability. 
The identical composition of E3 medium and agarose was used for both Sp. Disk and LSFM mounting 
and the dishes were kept together in an incubator overnight at 28.5°C.  
 D) Acridine orange staining for apoptotic cells. The maximum intensity projection is shown for acridine 
orange staining. The bright field image was created with extended depth of field plugin in Fiji. Dashed area: 
area of apoptotic events count. Asterisk: hatching gland. Scale bar: 200 µm.  
E) Number of apoptotic events does not differ among the mounting strategies. N=10, 8 and 8 fish 
respectively. Bars represent median and interquartile range. Median non-mounted=32 events, median Sp. 
Disk=36 events, median LSFM=36 events. ANOVA p=0.1458. 
F) Heart rate does not differ among the mounting strategies. Heart beats were counted manually for 20 s in 
12 fish for each condition. Bars represent median and interquartile range. Median non-mounted=137 
beats/min, median Sp. Disk=144 beats/min, median LSFM=137 beats/min. ANOVA p=0.2149. 
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Next, I asked whether the phototoxicity affects only RGC translocation or other developmental 
processes in the retina are equally influenced. To this end, I compared the length of cell cycle 
phases of retinal progenitor cells in LSFM to a previously published dataset acquired in a 
spinning disk microscope (Fig. 12A) (Leung et al., 2011). Using an identical experimental design 
with GFP-PCNA as a marker for cell cycle phases (Leung et al., 2011), I acquired a dataset of cell 
cycle lengths in LSFM, which revealed that the cell cycle was prolonged by spinning disk imaging, 
with the G1 and S phase lengths affected the most (Fig. 12B). The average G1 length was 
extended from 30 min to 108 min and the S phase was prolonged from 190 min to 337 min 
(Fig. 12B). The variance of the LSFM and spinning disk datasets was also different with the 
values much more dispersed in the spinning disk dataset. The sometimes very long G1 and S 
phases in the spinning disk microscope likely reflect the activation of the cell cycle checkpoints. 
 
Figure 12. Cell cycle of retinal progenitors is prolonged by phototoxicity in the spinning disk 
microscope. 
A) Cell cycle length data acquired in the spinning disk microscope from (Leung et al., 2011). The nuclei 
were labeled by GFP-PCNA and the imaging of retinas started around 28 hpf. The top and bottom of each 
box indicate upper and lower quartiles, respectively; the horizontal line represents the median. A single 
data point from S phase dataset (around 660 min) was omitted in the graphic representation of the dataset 
for more illustrative plotting. The number of nuclei followed for each cell cycle phase G1=28, S=16, 
G2=32, M=33. The mean cell cycle length G1=108 min, S=337 min, G2=40 min, M=25 min. 
B) Cell cycle length data acquired in LSFM. The experimental setup was identical as in (Leung et al., 2011) 
only the microscope used for imaging was different. The number of nuclei followed for each cell cycle 
phase G1=46, S=29, G2=38, M=44. The median cell cycle length G1=30 min, S=190 min, G2=25 min, 
M=20 min. 
Due to the described differences in kinetics of developmental events between the microscope 
setups, I used spinning disk microscopy only for experiments, in which I had to use small 
molecule inhibitors. These experiments were complicated to perform in LSFM. All the 
experiments, from which the kinetics of cell or nuclear migration were extracted, I performed in 
LSFM. I further checked that imaging in the LSFM is gentle to the samples by comparing the 
embryos, which underwent a typical imaging experiment of 12–16 hours in LSFM to unimaged 
control embryos. The imaging did not seem to delay embryo development because the RGC 
layer and the optic nerve formed to a similar extent in the imaged and the control embryos. Thus, 
the LSFM imaging allowed me to capture the kinetics of events in RGC translocation and 
lamination, as they would happen in a natural scenario. 
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3.3 RGC movement has two phases: rapid somal translocation and slower fine 
positioning 
Now that the labeling and imaging setup for following RGC translocation was established, I 
collected the time-lapse movies of translocation of single RGCs in the control condition 
(n=140 cells, N=24 experiments). This in toto imaging of immature RGCs revealed that their 
translocation has two distinct phases; (1) a directional phase, during which cell somas reach the 
retinal basal side and (2) subsequent fine positioning phase, which constitutes loss of bipolar 
morphology and more random movements within the emerging RGC layer. The total length of 
RGC translocation, defined as the time interval between the last progenitor division and the 
RGC axonogenesis, was around 285 min (median, n=50, N=19) (Fig. 13A). The initial 
directional phase took around 115 min (median, n=140, N=24) (Fig. 13A) and cell somas 
traveled a median of 28 µm basally, resulting in an average speed of 14.9 µm/h (Fig. 13B). 
Before axonogenesis, cell somas continued in a slower, more random fine positioning movement 
for approximately 165 min (median, n=50, N=19) (Fig. 13A) being displaced 3 µm more in the 
basal direction. 
During fine positioning, RGCs lost their apical attachment and gradually retracted the apical 
process towards the cell body, which marked the loss of their epithelial character. This event 
preceded axonogenesis for about 60 min (median, n=33, N=16) but cells exhibited high 
variability in the timing of this differentiation step (Fig. 13A). The basal process was completely 
absorbed into the cell body once the cell soma reached the basal retina (Fig. 10B). Prior to 
axonogenesis, RGCs displayed high protrusive activity with many short-lived small processes 
appearing at the basal side of the cell. Later, one large and persistent growth cone emerged from 
the basal side of the cell (blue arrows, e.g. in Fig. 15C and 16A), which was defined as the time 
point of axonogenesis. The apical process was eventually also entirely absorbed by the cell body. 
The dendritic tree growth from the apical side of the cell (data not shown) was not followed in 
detail because it only occurred after the axonogenesis started. 
 Figure 13. Quantitative analysis of RGC somal translocation and fine positioning. 
A) Timing of key events during RGC translocation. The duration of directional phase: median 115 min 
(n=140 N=24). The duration of fine positioning phase, i.e., the time from the end of directional 
movement to axonogenesis: median 165 min (n=50 N=19). The time from the end of directional phase to 
apical process (AP) loss: median 115 min (n=58 N=21). The time from apical process loss to 
axonogenesis: median 57.5 min (n=33 N=16). The whiskers show median and interquartile range. 
B) Kinetics of RGC translocation in LSFM. 0 indicates mitotic position of cells. 300 min range represents 
the average time from mitosis to axonogenesis. 140 single trajectories and an average trajectory ±S.D. are 
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shown. Green phase: directionally persistent movement. Gray phase: fine positioning.  
C) MSDs of RGCs in directional and fine positioning phases. Directional phase: n=140 N=24. Fine 
positioning: n=83 N=22. MSDs were calculated from the first 95 min after mitosis and the first 95 min 
after reaching the basal side. The α-value is given with 95% confidence interval.  Error bars represent 
S.E.M.  
D) Directionality ratio of RGCs in directional and fine positioning phases. The same data as in (C) are 
used. The average of all tracks is shown with error bars representing S.E.M. Directionality ratio at the end 
of the trajectory: Directional=0.88 Fine pos.=0.28. The scheme: directionality ratio is defined as a ratio 
between the distance from start to finish of the trajectory (d) and the length of the actual trajectory (D). 
 
To quantify the RGC movements, I used maximum projected substacks from RGC translocation 
movies and manually tracked the 2D trajectories of RGC soma, which allowed the analysis of 
kinetics and directional persistence of the RGC movement (Fig. 13B). From the trajectories, I 
first calculated the mean squared displacements (MSDs) of the RGC soma during translocation 
(Fig. 13C). MSD analysis (Leung et al., 2011; Okamoto et al., 2013) is a useful tool to assess how 
directional the trajectory of a particle is; in this case the particle is the RGC soma. MSDs are 
calculated from the trajectories as an average squared distance between the positions of the 
particle over increasing time intervals. The shape of the MSD curve reveals the directionality of 
the tracked motion. Directional motion produces a supralinear MSD curve and a diffusive 
random motion results in a linear curve. 
For calculating the MSD of the initial somal translocation, I used the trajectories from the first 
95 min after cell division, even though this phase lasted around 115 min, because the trajectories 
from the first 95 min represent a uniform dataset with only a few fastest cells already reaching the 
basal side of the retina. The MSD curve of the initial RGC somal translocation was supralinear, 
which revealed that this movement is directionally persistent (Fig. 13C). The MSD curve was 
fitted with 2DΔt
α, where the D is the diffusion coefficient and Δt is the interval between time 
points. The values of the exponent α are a simple readout for directionality of the analyzed 
particles and in my experiments typically ranged from 1 for unrestricted random motion to 2 for 
a straight trajectory. The α value of the MSD curve of somal translocation was 1.60±0.09 (95% 
conf. interval) (Fig. 13C). Repeating the same analysis for the first 95 min of the fine positioning 
gave an almost linear curve with a much flatter slope of the MSD curve with an α value of 
1.32±0.09 (Fig. 13C). This confirmed that fine positioning was a predominantly random 
movement. The displacement of RGCs during fine positioning could rather be an emergent 
property of the growing tissue and formation of a cellular layer than an active cell autonomously 
driven movement. 
An alternative measure of directionality is the ratio between the distance from start to finish of a 
trajectory and the length of the whole trajectory (Fig. 13D). This directionality ratio can be 
plotted for trajectories over time and can reach value of 1 for a straight line and it decays towards 
0 for increasingly random motion. Plotting the directionality ratios of trajectories of the initial 
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basal translocation and fine positioning phases (Fig. 13D) corroborated the earlier conclusion 
from the MSD analysis that the initial basal translocation is a highly directionally persistent 
movement unlike the fine positioning phase. 
An additional parameter that could be extracted from the trajectories was the instantaneous 
velocity distribution (Fig. 11B). The instantaneous velocity of the RGC soma was determined 
from 1D apico-basal movement between two time points. I assigned a plus sign to a movement 
in basal direction and a minus sign to the apicalward movement. The median instantaneous 
velocity during the initial directional phase of RGC translocation was 0.26 µm/min and 
0.02 µm/min during fine positioning (Fig. 11B). Such value close to 0 is expected for a random 
motion. 
In conclusion, during the RGC movement between their apical birth and axonogenesis at the 
basal side, two phases of cell movement could be distinguished. First, RGCs underwent rapid, 
directionally persistent somal translocation, which was followed by more stochastic fine 
positioning within the basal layer of the retina. 
 
3.4 RGC translocation is a cell autonomously generated movement and does not involve 
the contribution of centrosome or Golgi apparatus 
The analysis of cell trajectories revealed that the RGC somal translocation is directionally 
persistent, which raised the question how was this directionality achieved. This directionality 
could be explained (1) by an active mechanism of a cell autonomously generated force or (2) by a 
cell non-autonomous mechanism, where the directionality was imposed by the crowded 
surrounding tissue. For this second mechanism, I speculated that the nuclei of progenitor cells 
undergoing directionally persistent apical IKNM immediately before their division could displace 
RGC somas basally, away from the crowded apical side. Such passive mechanism was suggested 
to be at least partially responsible for the basal motion of progenitor nuclei (Sauer, 1935), as later 
demonstrated in the zebrafish retina (Norden et al., 2009) and in the mouse brain (Kosodo et al., 
2011). 
This mechanism of RGC basal displacement based on progenitor apical IKNM was directly 
tested by stopping the progenitor cell cycle. It is known that progression through the cell cycle 
into G2 phase is a prerequisite for apical IKNM (Leung et al., 2011), therefore I inhibited the cell 
cycle of embryos in S phase by treating them with a combination of known S phase inhibitors 
Aphidicolin and Hydroxyurea (Harris and Hartenstein, 1991) (Fig. 14A). I started the treatment 
at 34 hpf, when the first RGCs had been born but the retina was still predominantly occupied by 
progenitors (Kay et al., 2005). Subsequent time-lapse imaging of RGCs showed that their 
translocation still occurred suggesting that this basal translocation was independent of progenitor 
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IKNM (Fig. 14B). Staining for the mitotic marker phosphorylated histone H3 at 48 hpf 
confirmed that the drug combination effectively blocked cell cycle progression (Fig. 14C). 
Additionally, the eyes were overall smaller than in the control but the RGC layer was still present 
in these embryos (Fig. 14C). This result, in combination with the observed high speed and 
directionality of RGC translocation, made me conclude that this movement is rather driven by a 
cell autonomous mechanism. 
 
Figure 14. RGC translocation is driven cell-autonomously, not by the movement of neighboring 
cells. 
A) Aphidicolin/Hydroxyurea stalls cells in S phase. Thus, progenitors do not enter G2, and their nuclei do 
not migrate towards the apical side for mitosis. 
B) RGC translocation still occurs after cell cycle inhibition. An ath5:gap-GFP transgenic embryo was 
imaged by spinning disk microscopy with 150 µM Aphidicolin/20 mM Hydroxyurea added around 34 hpf. 
Imaging was started 1 hour after drug addition. Time is shown in hh:mm. Dashed lines delimit the apical 
and basal sides of the retina. Scale bar: 5 µm. 
C) The RGC layer still forms after cell cycle inhibition. Fewer mitotic cells (right) compared to control 
(left) were observed by pH3 staining (magenta). Dashed lines mark retinal outline and RGC layer. Scale 
bar: 50 µm. 
 
Based on the conclusion from the cell cycle inhibition experiment that RGC translocation is an 
active movement, I set out to investigate which intracellular features could contribute to RGC 
movement. Many active mechanisms of neuronal migration are dependent on the centrosome in 
the leading process of the migrating cell. For example, during the well characterized glial-guided 
migration in the brain, the centrosome in front of the nucleus organizes the MTs, which form a 
cage around the nucleus and serve as tracks for molecular motors to pull the nucleus forward 
(Solecki et al., 2004; Tsai et al., 2007) (see the introduction). For RGCs, it was previously 
suggested that the centrosome is present in the apical process behind the nucleus during somal 
translocation (Hinds and Hinds, 1974; Zolessi et al., 2006). I performed time-lapse imaging of the 
centrosome marked by the Centrin-tdTomato. This revealed that the centrosome indeed stays in 
the tip of the apical process during RGC translocation and only joins the cell soma once the 
apical process is fully retracted (Fig. 15A). Besides the centrosome, I also analyzed the positions 
of organelles associated with it, the Golgi apparatus and the primary cilium. The Golgi apparatus 
labeled by GalT-RFP (trans-Golgi marker) was found spread within the apical process above the 
nucleus throughout the RGC translocation (Fig. 15B). The behavior of the primary cilium 
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marked with Arl13b-mKate2 mirrored the movement of the centrosome (Fig. 15C). Time-lapse 
imaging of primary cilium in RGCs with similar result was also independently reported just 
recently by another study (Lepanto et al., 2016). These observations of organelle behavior, which 
were stereotypical in all imaged cells, argued against the idea that the nucleus in RGCs is moved 
basally by a centrosome-based pulling mechanism. 
 Figure 15. Centrosome, Golgi apparatus and primary 
cilium are localized to the apical process during RGC 
translocation. 
A) Centrosome position during RGC translocation. 
centrin-tdTomato DNA was injected to label centrosome 
together with ath5:GFP-CAAX. 
B) Primary cilium position during RGC translocation. 
hsp70:Arl13b-mKate2 DNA was injected to label primary 
cilium together with ath5:GFP-CAAX. 
C) Golgi apparatus position during RGC translocation. 
Galactosyl transferase fragment hsp70:GalT-RFP DNA 
was injected to label trans-Golgi together with ath5:GFP-
CAAX. 
A), B), C) Green phase: directional movement. Gray 
phase: fine positioning. Dashed lines delimit the apical 
and basal sides of the retina. White dot: RGC followed. 
Arrowheads: organelle followed. Blue arrow: axon. Time 
is shown in hh:mm. Scale bar: 10 µm. 
 
3.5 Inheritance of the basal process makes basal 
nuclear translocation more efficient in both, 
RGCs and progenitors 
Since my results showed no role of centrosomes in 
RGC translocation, I explored other cellular features 
that could aid the movement. One possible 
candidate was the basal process, which could guide 
RGC somal movement. Previously, it was shown 
that the basal process inheritance streamlines the 
basal nuclear movement in progenitor cells of the 
mouse retina (Saito et al., 2003) and the cerebral 
cortex (Okamoto et al., 2013). Therefore, I set out to 
quantify if the inheritance of the basal process influenced the kinetics of the RGC somal 
translocation. Surprisingly, the basal process was preferentially inherited by the RGC daughter in 
78% of cases (109/140 divisions) (Fig. 10B). In the minority 22% of divisions, when the basal 
process was inherited by the sister cell of RGC (31/140 divisions), it was unstable and it was lost 
once the sister cell started retracting apically (Fig. 16A). RGCs in such situations regrew the basal 
process during their translocation. Other observation I made, was that immediately after cell 
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division the cell inheriting the basal process cleared the apical mitotic area faster than its sister 
cell (compare the pairs of cells in Fig. 10B and 16A). This was also noted in other neuroepithelia 
(Okamoto et al., 2013; Saito et al., 2003). 
 
Figure 16. Basal process inheritance streamlines basal nuclear translocation in RGCs and 
progenitors. 
A) Translocation of an RGC not inheriting the basal process (BP). Green phase: directionally persistent 
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movement. Gray phase: fine positioning. Dashed lines delimit the apical and basal sides of the retina. 
White dot: RGC followed. Blue arrow: axon. Time is shown in hh:mm. Scale bar: 10 µm. 
B) Five representative 2D trajectories of RGCs inheriting (green) and RGCs not inheriting the basal 
process (yellow) for the first 95 min after cell division. For more trajectories see (Fig. 17F and G). 
C) Inheritance of basal process in progenitors. White dot: basal process inheriting progenitor. Arrowheads: 
inherited BP. Arrows: newly formed BP of the sister cell. Scale bar: 10 µm. 
D) Five representative 2D trajectories of sister progenitors inheriting (blue) and not inheriting the basal 
process (gray) for the first 95 min after cell division. 
E) Kinetics of RGC translocation with basal process. 0 indicates mitotic position of cells. Single 
trajectories and an average trajectory ±S.D. are shown. Green phase: directionally persistent movement. 
Gray phase: Fine positioning. 
 F) Kinetics of RGC translocation without basal process.  
G) MSDs of translocating RGCs with and without basal process. The MSDs were calculated from the first 
70 min after mitosis. The cells with and without the basal process are independent (not sister cells). The α-
value is given with 95% confidence interval.  Error bars represent S.E.M. 
H) MSDs of translocating faster and slower sister progenitor nuclei. The MSDs were calculated from the 
first 70 min after mitosis. The α-value is given with 95% confidence interval.  Error bars represent S.E.M. 
I) A comparison of MSDs of RGC and progenitor nuclear translocation. The graph shows combined data 
from (G) and (H). 
J) Directionality ratios of RGC and progenitor nuclear translocation. The average of all tracks is shown 
with error bars representing S.E.M. Directionality ratio at the end BP RGC= 0.92, no BP RGC= 0.82, Fast 
prog= 0.75, Slow prog= 0.49. 
 
When I compared the translocation of the soma of RGCs that inherited the basal process with 
those RGCs, which had to regrow it, I observed that the basal process inheriting RGCs 
translocated their soma faster and more directionally, which was apparent from the 
representative trajectories (Fig. 16B, more trajectories in Fig. 17F and G). Splitting the whole 
140 RGC trajectory dataset according to basal process inheritance (Fig. 16E and F) allowed 
quantification of these differences. The somas of RGCs with basal process reached the basal side 
of the retina faster than the somas of RGCs that had to regrow the basal process (105 vs. 
165 min median; Fig. 16E and F, Fig. 17E). This increased speed of translocation was also 
apparent from the instantaneous velocities distribution (Fig. 17C). Basal process inheritance 
made the basal movement also more directionally persistent, as documented by the MSD analysis 
(Fig. 16G), the directionality ratios (Fig. 16J) and the distribution of α values from fitting the 
MSD curve separately for each trajectory (Fig. 17A). This analysis also revealed one interesting 
aspect of the timing of RGC differentiation. Even though the RGCs not inheriting the basal 
process took 60 min longer to translocate their soma to the basal side, their axonogenesis 
occurred after a similar time interval as in the process-inheriting RGCs because of the shorter 
fine positioning phase (Fig. 17E). This showed that the RGC differentiation was timed cell 
intrinsically and was continuing even if the cells were not positioned basally. 
Next, I tested whether the same trend of basal movement being accelerated by basal process 
inheritance could be observed also for zebrafish retinal progenitors. I hypothesized that based on 
the similar bipolar morphology of immature RGCs and progenitors and the reports documenting 
such nuclear movement dependency on basal process from the mouse retina (Saito et al., 2003) 
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and cerebral cortex (Okamoto et al., 2013). On the other hand, previous reports in the zebrafish 
retina (Leung et al., 2011; Norden et al., 2009) showed that the basal movement of nuclei is slow 
and stochastic, however in these analyses all the nuclear trajectories were pooled together 
irrespective of basal process inheritance and this analysis also included more stochastic 
trajectories once nuclei already reached the middle of the retina. 
 Figure 17. Further quantifications of RGC and progenitor nuclear movement with respect to basal 
process inheritance.
A) Alpha value distribution from MSDs of RGCs inheriting and not inheriting the basal process in 
directional phase (data from Fig. 16G). Median BP RGCs=1.83, no BP RGCs=1.70. The differences 
between alpha values are statistically significant: BP RGCs vs. no BP RGCs Mann-Whitney U test p=0.03. 
B) Alpha value distribution from MSDs of fast and slow progenitor nuclei after mitosis (data from Fig. 16 
H). Median Fast prog=1.53, Slow prog=1.26. The differences between alpha values are statistically 
significant: Fast progs vs. Slow progs Wilcoxon matched-pairs signed rank test p<0.0001. 
C) Comparison of instantaneous velocities among cells inheriting and not inheriting the basal process in 
directional phase (after mitosis). The values are taken from the first 70 min after mitosis. The 
instantaneous velocities are calculated from the one-dimensional movement along the apico-basal axis of 
the retina. The movement from apical to basal has a positive sign; the reverse movement has a negative 
sign. BP RGC (n=109 N=23, 1526 data points), no BP RGC (n=31 N=19, 448 data points), Fast 
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progenitor (n=68 N=7, 952 data points), Slow progenitor (n=68 N=7, 952 data points). 45 outliers were 
discarded by ROUT (Q=1.0%) for the plotting purposes, not for the statistical testing, which was done on 
the whole dataset. The differences between instantaneous velocities are statistically significant: BP RGCs 
vs. no BP RGCs Mann-Whitney U test p<0.0001; Fast progenitors vs. Slow progenitors Wilcoxon 
matched-pairs signed rank test p<0.0001; no BP RGCs vs. Slow progenitors Mann-Whitney U test 
p<0.0001; BP RGCs vs. Fast progenitors Mann-Whitney U test p<0.0001. The data are shown as Tukey 
boxplot (box shows median and interquartile range and whiskers show 1.5 of the interquartile range). The 
median BP RGCs=0.29 µm/min, no BP RGCs=0.20 µm/min, Fast progenitors=0.16 µm/min, Slow 
progenitors=0.06 µm/min. 
D) Timing of the whole RGC translocation event (from mitosis to axonogenesis) in RGCs with and 
without basal process. BP median=282.5 min (n=38 N=18), No BP median=322.5 min (n=12 N=9), 
Mann-Whitney U test p=0.11. The median and interquartile range is shown. 
E) Timing of events during RGC translocation depending on the basal process inheritance. Median values: 
Directional BP=105 min (n=109 N=23), Directional no BP=165 min (n=31 N=19), Mann-Whitney U test 
p<0.0001. Median values: Fine positioning BP=165 min (n=38 N=18), Fine positioning no BP=130 min 
(n=12 N=9) Mann-Whitney U test p=0.08. Median values: From end of directional phase to apical process 
loss BP=127.5 min (n=38 N=16), no BP=90 min (n=20 N=15), Mann-Whitney U test p=0.003. The 
median and interquartile range is shown. 
F) Trajectories of RGCs inheriting the basal process. The representative 2D trajectories of 31 RGCs 
inheriting the basal process plotted as manually tracked over the first 95 min after the terminal division. 
G) Trajectories of RGCs not inheriting the basal process. The 2D trajectories of all 31 RGCs not inheriting 
the BP plotted as manually tracked over the first 95 min after the terminal division. 
 
To follow basal nuclear displacement in retinal progenitors, cells were mosaically labeled by 
DNA injection of a nuclear marker GFP-PCNA and a membrane marker mKate2-ras (Fig. 16C). 
Cells were imaged from 28 hpf and in each daughter cell pair observed (n=68 pairs N=7) there 
was a difference in nuclear basal movement (representative trajectories in Fig. 16D). One 
nucleus consistently showed higher directional persistence and speed than the other (Fig. 16 H 
and J, Fig. 17B and C). The nuclear movements were quantified for the first 70 min after cell 
division, because after this they entered a more stochastic phase as seen at the end of the 
representative trajectories plotted for 95 min after division (Fig. 16D). In the vast majority of 
divisions (n=16/17) where it was certain, which daughter cell inherited the basal process, the 
faster nucleus belonged to the process-inheriting daughter. Collecting the datasets of RGC and 
progenitor basal nuclear motion under the same conditions allowed their direct comparison. It 
was apparent that the nuclear movements were overall faster and more directionally persistent in 
RGCs than in progenitors (Fig. 16I and J, Fig. 17C) suggesting a different translocation 
mechanism of their nuclei. 
In conclusion, inheritance of the basal attachment resulting in bipolar morphology of the cell 
right after division was required for fast and directionally persistent basal nuclear motion in both 
RGCs and progenitors. While the basal process was preferentially inherited by the RGC, it did 
not seem to have the RGC fate determining capability as also some cells not inheriting the basal 
process continued in differentiation as RGCs. Overall, the nuclear translocation was slower in 
progenitors compared to RGCs, which suggested that additional or different mechanism are 
employed in RGC nuclear translocation. 
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3.6 Perturbations of the basal process attachment to the basement membrane affect the 
basal movement of RGC soma 
I showed that the presence of basal process accelerated the translocation of RGC soma. The next 
logical step was to test whether and how disrupting the attachment to the basement membrane 
influences RGC translocation. To achieve this, I disrupted the integrity of basement membrane 
itself by knocking down one of its core components Laminin "1 (Fig. 18A) (Randlett et al., 
2011b). Such morpholino mediated knockdown, although being administered globally, depleted 
Laminin more efficiently from the retinal basement membrane than from other Laminin 
containing structures in the eye like the lens or the basement membrane of the retinal pigmented 
epithelium (Fig. 18B). Time-lapse imaging showed that RGCs lost their basal attachment and 
displayed defects in translocation (Fig. 18C). However, this inhibition of RGC somal movement 
was likely influenced also by cell non-autonomous effect of Laminin knockdown on the whole 
tissue, as seen in (Fig. 18B). Therefore, I additionally explored other approaches to inhibit RGC 
basal attachment. 
 
Figure 18. RGC translocation is affected by Laminin !1 absence from the basal lamina due to 
tissue wide effects. 
A) Laminin "1 distribution in control retina at 48 hpf. Laminin channel was denoised in Fiji (ROF 
denoise). Note the three distinct layers of Laminin (magenta) in the developing eye and the RGCs (green) 
forming a basal layer of the retina. Arrows: Laminin in retinal basement membrane Arrowheads: Laminin 
in lens and basement membrane of the retinal pigment epithelium. Scale bar: 20 µm. 
B) Laminin "1 distribution after Laminin knockdown. Note that Laminin is still present in the lens and 
basement membrane of the retinal pigment epithelium but mostly absent in the retinal basement 
membrane causing a tissue-wide lamination problem with RGC layer forming in the central retina. Arrows: 
Laminin in retina basement membrane. Arrowheads: Laminin in lens and basement membrane of the 
retinal pigment epithelium. Note that axons of RGCs associate with a small patch of Laminin left in the 
retinal basement membrane. 
C) RGC translocation is perturbed after Laminin "1 knockdown. Note that after division the cells lose the 
basal process and do not translocate basally. Dashed lines delimit the apical side of the retina. White dot: 
RGC followed. Arrowheads: apical process. Time is shown in hh:mm. Scale bar: 10 µm. 
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An alternative strategy to perturb basal process attachment was aimed at the focal adhesion, a 
cellular structure, which attaches the basal process to the ECM. Focal adhesion function is 
dependent on the associated actin cytoskeleton (Martinez-Morales et al., 2009; Randlett et al., 
2011a), which I disrupted by the Rho kinase (ROCK) inhibitor Rockout (Yarrow et al., 2005) and 
by the Arp2/3 complex inhibitor CK-666 (Nolen et al., 2009). Loss of Arp2/3 complex was 
recently also shown to lead to detachment of the basal process of progenitor cells in the cerebral 
cortex of mouse (Wang et al., 2016). Time-lapse imaging revealed that RGCs could not stably 
attach their basal process in these inhibitor conditions (Fig. 19A and Fig. 27A). The inhibitor 
concentrations used in these experiments were determined from a dilution series (representative 
images shown in Fig. 20A and B) based on staining for actin. Those concentrations, which 
perturbed basal actin but not the apical pool of actin associated with the adherens junction belt, 
were selected for the experiments. To further ascertain the effect of the inhibitors I analyzed the 
actin structures located at the apical side of corneal cells. Besides the actin-rich cell cortex, these 
cells also displayed actin-based microridges at their apical surface (Lam et al., 2015; Raman et al., 
2016) (Fig. 20C). Rockout did not affect cortical actin or the microridges, but the corneal cell 
shapes became very irregular (Fig. 20C), which I interpreted as an effect of decreased 
actomyosin contractility. In line with its role as an inhibitor of actin polymerization, CK-666 
caused shrinkage of the apical area of corneal cells and almost complete disassembly of the 
microridges (Fig. 20C), confirming earlier observations (Lam et al., 2015).  
To determine the subsequent fate of the RGCs whose somal translocation was arrested by the 
inhibitor treatment, I stained the retinas after 14 hours of treatment at 48 hpf with the Zn5 
antibody, which labels differentiated RGCs (Trevarrow et al., 1990). In both ROCK and Arp2/3 
inhibition conditions, Zn5 staining revealed ectopic RGC differentiation (Fig. 19C and D). This 
implied that a subset of cells could not overcome the translocation defect caused by the 
inhibitors. In the control retinas at 48 hpf, Zn5 positive RGCs formed a continuous basal layer 
and could not be observed elsewhere in the retina (Fig. 19B). The ectopic Zn5 positive RGCs 
demonstrated that RGC differentiation occurred in a timely manner even if the cells did not 
complete their translocation. To confirm the results from the inhibitor experiments and exclude 
pleiotropic effects, I developed a genetic strategy, which allowed inducible mosaic inhibition of 
the Arp2/3 complex. I injected DNA for the C-terminal domain of the protein N-WASP 
(NWASP-CA). N-WASP is an activator of the Arp2/3 complex and the truncation acts as 
dominant negative by binding but not activating the Arp2/3 complex (Rohatgi et al., 1999). The 
expression of NWASP-CA affected the actin cytoskeleton in a similar way as CK-666 (Fig. 20C) 
and perturbed RGC somal translocation as discussed below (Fig. 27). 
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The inhibition of direct actin regulators disrupted RGC somal translocation. Thus, I tested 
whether the same effect could also be achieved by inhibiting the actin regulating pathways more 
upstream. In the zebrafish, the Phosphoinositide 3-kinase (PI3K) was shown to regulate the 
assembly of actin structures (Lam et al., 2015; Yoo et al., 2010). I blocked PI3K activity by a 
small molecule inhibitor LY294002 using the same experimental setup as for Rockout and CK-
666. A similar effect on RGC translocation leading to ectopic Zn5 positive RGCs could be 
observed in this condition (Fig. 21A and B). However, this result should be interpreted with 
caution as PI3K regulates not only actin cytoskeleton turnover but many other downstream 
cellular processes as well. 
These data together demonstrate that basal process attachment is important for RGC somal 
Figure 19. Basal process attachment is 
important for RGC translocation. 
A) Live imaging of RGC translocation after 
ROCK inhibition. The ath5:gap-RFP fish 
were imaged at a spinning disk microscope 
from 34 hpf. Rockout was added at the start 
of imaging. Note that the RGC loses the 
basal process but keeps the apical process. 
White dot: RGC followed. Arrowheads: 
basal and apical process. Time is shown in 
hh:mm. Dashed lines delimit the apical and 
basal sides of the retina. Scale bar: 10 µm. 
B) Staining for differentiated RGCs with 
Zn5 antibody in control retina at 48 hpf. 
C) ROCK inhibition interferes with RGC 
translocation. Staining for differentiated 
RGCs with Zn5 antibody after ROCK 
inhibition. 
D) Arp2/3 inhibition interferes with RGC 
translocation. Staining for differentiated 
RGCs with Zn5 antibody after Arp2/3 
inhibition. 
B), C), D) Arrows: ectopic RGCs. Scale bar: 
20 µm. 
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translocation and its disruption can lead to translocation arrest and ectopic differentiation of a 
subset of RGCs. 
 
Figure 20. Determining suitable concentration of inhibitors and testing actin cytoskeleton 
perturbations on corneal cells. 
A) Effect of Arp 2/3 inhibition on actin cytoskeleton in the retina. Note the decreased actin staining in the 
200 µM condition in the basal and central retina. The apical actin belt associated with adherens junctions is 
less affected. The RGC layer labeled by ath5:gap-RFP is disorganized. Scale bar: 20 µm.  
B) Effect of ROCK inhibition on actin cytoskeleton in the retina. Note the decreased actin staining in the 
75 µM and 125 µM condition in the basal and central retina. The apical actin belt associated with adherens 
junctions is less affected. The RGC layer labeled by ath5:gap-RFP is disorganized. Scale bar: 20 µm. 
C) Staining of apical actin by phalloidin in corneal cells at 48 hpf. Actin is present as two structures: it is 
associated with adherens junctions around the cell membranes and in microridges all over the apical 
membrane. The embryos were incubated with the inhibitors from 34 hpf (or heat shocked at 32 hpf) and 
analysed at 48 hpf. Scale bar: 20 µm. 
Rockout: Note that even at high Rockout concentration the microridges persist. The cell shape on the 
other hand is more irregular compared to the control. CK-666: Note the complete absence of microridges 
and reduced apical area of cells. NWASP-CA overexpression: This construct was injected mosaically.
Arrowheads: affected cell, also shown in the inset. Note the massively reduced apical area and altered 
structure of microridges. aPKC-CAAX overexpression: Note the altered shape of microridges and high 
accumulation of actin associated with adherens junctions compared to the control. 
 
 
Figure 21. Phosphoinositide 3-kinase activity is required for RGC translocation. 
A) Zn5 staining in control retinas at 48 hpf. Scale bar: 20 µm. 
B) Drug inhibition of PI3K interferes with RGC translocation. Arrows: ectopic RGCs. The embryos were 
incubated with the PI3K inhibitor from 34 hpf and analyzed at 48 hpf. Scale bar: 20 µm. 
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3.7 Stabilized microtubules are required for 
RGC somal translocation 
The faster basal nuclear movement of RGCs in 
comparison to progenitors prompted me to 
search for the cellular components, which would 
explain this difference. A plausible candidate was 
the MT cytoskeleton, which undergoes a 
transition during neuronal differentiation 
including the expression of other tubulin 
isoforms (Laferriere et al., 1997) and MT 
associated proteins like Doublecortin (Francis et 
al., 1999). Furthermore, the MT cytoskeleton was 
implicated in most modes of neuronal migration 
described so far (Cooper, 2013; Icha and Norden, 
2014; Solecki et al., 2004; Umeshima et al., 2007). 
The first aspect of the MT cytoskeleton that I 
compared between RGCs and progenitors was 
the orientation and speed of MT growth. To 
achieve that, I expressed the fluorescently tagged 
End-binding protein 3 (EB3) (Stepanova et al., 
2003), which binds the growing plus tips of MTs. 
Thus, the EB3 signal can be used as a readout for 
MT growth. EB3 in cells forms characteristic 
moving foci referred to as comets (Fig. 22A). 
The orientation of MTs was the same in RGCs 
and progenitors. Most comets emerged from the 
apically positioned centrosome and moved 
around the nucleus towards the basal side of the 
cell (Fig. 22A), as shown before for the 
progenitors (Norden et al., 2009; Tsai et al., 
2007). The MT growth speed, however, was 
higher in progenitors (0.23 µm/s vs. 0.13 µm/s, 
median) (Fig. 22A), highlighting that there are 
differences in MT dynamics between these two 
cell types. 
 
 
 
 
53 
Figure 22. Stabilized microtubules are important for RGC somal translocation. 
A) EB3 comets are faster in progenitors than in RGCs. Left: an illustrative example of the EB3 data in a 
progenitor cell; scale bar: 5 µm. Right: progenitor speed median=0.23 µm/s n=11 cells, 60 comets. RGC 
speed median=0.13 µm/s n=6 cells, 24 comets, p=0.0103 Mann Whitney U test. Speed was measured 
4 hours after heat shock in progenitors at 28 hpf, in RGCs at 38 hpf. The bars represent median and 
interquartile range. 
B) Acetylated tubulin antibody staining in progenitors. All microtubules were labeled by bactin:GFP-DCX. 
At 28 hpf only primary cilia at the apical side of progenitors are stained. Dashed lines represent apical and 
basal sides of the retina. Scale bar: 10 µm. 
C) Acetylated tubulin antibody staining in RGCs. All microtubules were labeled by bactin:GFP-DCX. At 
40 hpf acetylated tubulin is seen in the AP of RGCs (white arrows). White dot: translocating RGCs. 
Dashed lines represent apical and basal sides of the retina.  
D) Live imaging of microtubules in translocating RGCs. Note microtubule accumulation in the apical 
process. Time is shown in hh:mm. Dashed lines delimit the apical and basal sides of the retina. White dot: 
RGC followed. Blue arrow: axon. Scale bar: 10 µm. 
E) Staining for differentiated RGCs with Zn5 antibody in control retina at 48 hpf. 
F) Zn5 staining in retinas treated with colcemid. 
E), F) Arrows: ectopic RGCs. Scale bar: 20 µm. 
G) Microtubule destabilization by overexpression of Stathmin1 (hsp70:Stathmin1-mKate2) stalls RGC 
translocation. Fish were heat shocked at 30 hpf and imaged from 34 hpf. Graph shows all trajectories after 
RGC terminal division, the average trajectory ±S.D. and the average trajectory in the WT situation. 
  
Slower EB3 comets in RGCs suggested that the MT cytoskeleton is more stabilized in these cells.  
To check this, I stained the embryos for acetylated tubulin, a marker for stabilized MTs (LeDizet 
and Piperno, 1986). This experiment was performed in the Tg (ath5:RFP) line labeling emerging 
RGCs crossed with the Tg (bactin:DCX-GFP), a pan-MT marker line based on GFP-tagged 
Doublecortin (Distel et al., 2010). The staining at 40 hpf revealed that the MTs in the apical 
processes of translocating RGCs were enriched in acetylated tubulin (Fig. 22C) with further 
increase in acetylated tubulin later after maturation (basal layer of cells at 48 hpf in Fig. 23B). 
The signal of acetylated tubulin in progenitors at 28 hpf was lower than in RGCs and mostly 
localized in the primary cilia (Fig. 22B). This finding is in agreement with the EB3 comet speeds. 
To visualize the MTs specifically in RGCs, I created an ath5 promoter driven Doublecortin 
construct ath5:DCX-GFP. By time-lapse imaging, I could observe emergence of the bundles of 
MTs in the apical process of RGCs. The bundle occurred shortly after the last cell division and 
grew as the nucleus moved basally. The MTs in apical process persisted until the RGC soma 
reached the basal retina (Fig. 22D). Upon axonogenesis, most of the microtubule marker 
accumulated in the emerging growth cone and labeled the RGC axon. The finding about MTs in 
the apical process of translocating RGCs had support in a transmission electron microscopy 
study on early mouse retina (Hinds and Hinds, 1974). A thick bundle of MTs in the apical 
process was identified as one of the few features, which could differentiate immature RGCs from 
the progenitor cells. 
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Figure 23. Stahmin overexpression destabilizes MTs but does not disrupt progenitor IKNM. 
A) The destabilizing effect of the hsp70:stathmin1-mKate2 construct on microtubules. The embryos of 
transgenic line ubiquitously expressing GFP tagged Doublecortin to label microtubules were injected with 
the hsp70:stathmin1-mKate2. The fish were heat shocked around 24 hpf and imaged live 6 hours later. Note 
the diffuse GFP-DCX signal and absence of microtubule filaments in the affected cell. Scale bar: 20 µm. 
B) Stathmin overexpression decreases microtubule acetylation. White dots: Stathmin overexpressing cells. 
Scale bar: 10 µm. 
C) Microtubule depolymerization by hsp70:stathmin1-mKate2 has no effect on retinal progenitor cell cycle or 
nuclear migration. The ath5:gap-GFP transgenic fish were injected with the hsp70:stathmin1-mKate2 and 
hsp70:GFP-PCNA DNA to label nuclei. At 7:15 an upcoming faint ath5:gap-GFP expression can be seen. 
Time is shown in hh:mm. Scale bar: 10 µm. 
 
Given the conspicuous presence of MTs in the apical process of RGCs, I asked whether the 
stabilized MTs are required for movement of the RGC soma. To test this, I incubated embryos 
in the MT depolymerizing drug colcemid, which was added at the onset of RGC generation at 
34 hpf and I assessed the result at 48 hpf by Zn5 staining. After colcemid treatment, the RGC 
layer was disorganized compared to the control (Fig. 22 E and F) and many RGCs did not reach 
the layer and remained more apically. The result of this experiment proposed that MTs are 
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required for RGC translocation and formation of the compact RGC layer. 
To further test this hypothesis and destabilize MTs mosaically in single cells, I created a construct 
for inducible overexpression of Stathmin 1, a MT destabilizing protein (Jourdain et al., 1997). 
This hsp70:Stathmin1-mKate2 construct was first tested by injection into the Tg line containing 
GFP-labeled MTs and depolymerization of MTs could indeed be observed (Fig. 23A). Another 
indirect evidence of MT depolymerization by Stathmin came from disrupted Golgi apparatus 
morphology in corneal cells (Fig. 24E), which is dependent on intact MTs. The ring-shaped 
Golgi structure labeled with a GFP-tagged Mannosidase enzyme fragment was scattered into 
more separated compartments after Stathmin overexpression. The expression of Stathmin also 
decreased microtubule acetylation (Fig. 23B) but did not have any effect on the morphology, 
IKNM or the cell cycle length of retinal progenitors (Fig. 23C). On the contrary, Stathmin 
overexpression had a notable effect on RGCs. It was induced at 30 hpf and RGCs were followed 
by time-lapse imaging from 34 hpf onwards. Stathmin expressing RGCs did not persistently 
move their soma basally and experienced frequent reverse movements back towards the apical 
side (Fig. 22G). The severity of this phenotype correlated with the amount of Stathmin 
expressed by these cells (data not shown). These reverse movements could be explained by the 
absence of stabilized MTs in the apical process, which would stop the movements under normal 
circumstances. Stathmin overexpression also led to morphological changes in RGCs. Initially, the 
RGCs lost their basal attachment but later the loss of MTs resulted in a more fundamental 
cellular changes and a switch into a multipolar stage (Fig. 25B), which is described in detail 
below. 
After revealing the essential role of MTs in RGC translocation, I also investigated the 
contribution of the MT-associated molecular motor Dynein to this movement. First, I used the 
small molecule inhibitor of Dynein HPI-4 (synonym Ciliobrevin A) (Firestone et al., 2012). 
Incubation with HPI-4 resulted in disrupted Golgi apparatus morphology in retinal progenitors 
and corneal cells, thus confirming that this drug efficiently inhibited Dynein (Fig. 24D and E). 
Furthermore, the HPI-4 effect was dose-dependent (Fig. 24E). Next, I employed the same 
experimental strategy as with the previously tested inhibitors; 14 hr incubation of Tg(ath5:gap-
RFP) embryos followed by Zn5 staining at 48 hpf. This revealed that Dynein inhibition caused 
some general developmental delay but no specific problem in RGC translocation. All the Zn5 
labeled RGCs, although smaller numbers than in the control, were found at the right location in 
the basal retina (Fig. 24A and C). To verify this result, I inhibited Dynein by an alternative 
approach. I used an inducible construct based on the truncated p150Glued subunit of the 
Dynactin complex. The Dynactin complex is an essential cofactor for Dynein function and this 
truncation acts as a dominant negative (Fan and Ready, 1997; Taverna et al., 2016). Since Dynein 
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activity is required for maintenance of the Golgi apparatus morphology, I tested the DN-
Dynactin strategy in retinal and corneal cells expressing the Golgi apparatus marker. From 
scattered Golgi morphology I concluded that DN-Dynactin expression leads to Dynein 
inhibition (Fig. 24 D and E). Next, I created a Tg (hsp70:mKate2-DN-Dynactin) line, crossed it 
with the Tg(ath5:gap-GFP) and induced DN-Dynactin expression at 32 hpf. Zn5 staining at 48 hpf 
again revealed no specific effect of Dynein inhibition on RGC somal translocation (Fig. 24B). 
However, the lack of involvement of Dynein in moving RGC nuclei basally could be explained 
by the fact that most of the MTs in RGCs have their minus end oriented apically. Therefore, the 
direction of Dynein motor movement is the opposite from the direction of the nuclear 
movement. 
 
Figure 24. Dynein is not required for RGC somal translocation. 
A) Zn5 staining in control retinas at 48 hpf. Scale bar: 20 µm. 
B) Genetic inhibition of Dynein by DN-Dynactin overexpression does not specifically interfere with RGC 
translocation. Note the overall developmental delay, but no ectopic RGCs can be observed. The embryos 
were heat shocked at 32 hpf and analysed at 48 hpf. Scale bar: 20 µm.  
C) Drug inhibition of Dynein does not specifically interfere with RGC translocation. Note the overall 
developmental delay, but no ectopic RGCs can be observed. The embryos were incubated with the HPI-4 
 
 
 
 
57 
inhibitor from 32 hpf and anlysed 48 hpf. Scale bar: 20 µm.  
D) Disruption of cis-Golgi morphology in the retina as a control for effective Dynein inhibition. Note the 
scattered signal from cis-Golgi marker Mannosidase-GFP in the DN-Dynactin and HPI-4 conditions. The 
heat shock or drug treatment was started at 24 hpf and the retinas were analyzed live 6 hours later. Scale 
bar: 10 µm. 
E) Disruption of cis-Golgi morphology in epidermis (cornea) as a control for effective Dynein inhibition. 
Note the ring of cis-Golgi marker Mannosidase-GFP around the nucleus in the control and scattered cis-
Golgi vesicles in DN-Dynactin and HPI-4 conditions. HPI-4 has a dose dependent effect. The 
depolymerization of microtubules by Stathmin1 has a similar effect. The heat shock or drug treatment was 
started at 32 hpf and the corneas were analyzed live 16 hours later. Scale bar: 10 µm. 
 
In summary, the MT cytoskeleton becomes more stabilized during the transition from 
progenitors to RGCs. The stabilized MTs are required for efficient nuclear movement in RGCs 
as opposed to the progenitors. However, the mechanism of MT involvement in RGC nuclear 
movement does not include Dynein activity, which is dispensable for the translocation. 
 
3.8 RGCs are capable of transition into a multipolar migratory mode upon perturbation 
of microtubules or the Arp2/3 complex 
I discovered several conditions including loss of basal attachment and MT destabilization, in 
which the RGC somal translocation was inhibited. In all these instances, only a subset of RGCs 
was arrested in ectopic locations and the majority of RGCs moved successfully to the basal side 
of the retina (Fig. 19C and D, Fig. 22F). Therefore, I asked how exactly did RGC translocation 
occur in these perturbation conditions. I formulated a hypothesis based on rare events observed 
in the control embryos. There, RGCs as a reaction to loss of the basal process detached also their 
apical process and were able to complete their translocation via a multipolar mode (Fig. 25A). 
The switch to the multipolar mode triggered high protrusive activity in RGCs (Fig. 25A), which 
possibly helped their movement. 
I set out to test, if such a transition into a multipolar migratory mode could explain the mostly 
successful RGC layer formation after MT destabilization (Fig. 22F). I imaged the RGCs 
overexpressing Stathmin from 34 hpf for 12–16 hours. Interestingly, the behavior of cells in this 
condition resembled the rare control cases. First, after cell division there was a phase, during 
which RGCs lost the basal process and their basal movement alternated with abrupt retractions 
back towards the apical side. This phase lasted around 200 min (n=20, N=5, median) and then 
the cells detached also apically and switched to the multipolar migratory mode (Fig. 25B and C). 
The cells in the multipolar mode did not seem to retain their apico-basal polarity as documented 
by the dynamic and variable position of the MT-organizing center labeled by ath5:GFP-DCX 
(Fig. 26C). Once the multipolar mode was triggered by the loss of apical process, the movement 
of cells became directionally persistent and overall surprisingly efficient, which was apparent 
from the example trajectories (Fig. 26A), the instantaneous velocity distributions (Fig. 26B) and 
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the directionality ratios (Fig. 25E) before and after the apical process loss. Most of the 
quantitative measures of the multipolar migratory mode were comparable to the standard somal 
translocation of RGC translocation without the basal process (Fig. 25D and E, Fig. 26B), 
however the multipolar mode was not as efficient as the somal translocation with basal process. 
 
Figure 25. RGCs can switch to a multipolar migratory mode after microtubule destabilization. 
A) A rare example of multipolar migration in control embryos. Gray phase: cell still has the basal and 
apical process. Green phase: directional multipolar mode. Dashed lines delimit the apical and basal sides of 
the retina. White dot: RGC followed. Arrowheads: apical and basal process. Asterisk: loss of apical process. 
Time is shown in hh:mm. Scale bar: 5 µm. 
B) Multipolar migration induced by microtubule destabilization. Stathmin 1 overexpression was induced at 
30 hpf. The stathmin channel is not shown for clarity. Movie starts at 34 hpf. Note higher protrusive 
activity upon loss of basal and apical process. Gray phase: cell still has the apical process. Green phase: 
directional multipolar mode. Dashed lines delimit the apical and basal sides of the retina. White dot: RGC 
followed. Arrowheads: apical process. Asterisk: loss of apical process. Blue arrow: axon. Time is shown in 
hh:mm. Scale bar: 10 µm. 
C) Typical trajectory of RGC with destabilized microtubules from the montage in (B). Arrowhead: loss of 
the apical process (AP). For more trajectories see Fig. 26A. The average WT trajectory is shown for 
comparison. 
D) MSDs of RGCs in multipolar migratory mode. The values are taken from the first 95 min after apical 
process loss. WT from Fig. 13C and RGC without basal process from Fig. 16G are plotted for 
comparison. 
E) Directionality ratios before and after apical process loss. The values are taken from the first 95 min after 
mitosis and the first 95 min after apical process loss. Directionality ratio at the end of the trajectory: After 
AP loss=0.71 After mitosis=0.45. WT from Fig. 13D and RGC without BP from Fig. 16J are plotted for 
comparison. 
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Figure 26. Further quantifications and loss of polarity in the multipolar migratory mode.  
A) Five representative trajectories of the free migrating RGCs in the stathmin overexpression (OE) 
condition. 0 indicates the mitotic position of cells. The arrowhead marks the time point when the cell loses 
the apical process. 
B) Comparison of instantaneous velocities in stathmin overexpression before and during the multipolar 
migration and with control conditions. The instantaneous velocities are calculated from the one-
dimensional movement along the apico-basal axis of the retina. The movement from apical to basal has a 
positive sign; the reverse movement has a negative sign. Directional WT Fig. 13 (n=140 N=24, 2587 data 
points), no BP RGC Fig. 16 (n=31 N=19, 448 data points), After AP loss stathmin OE (n=32 N=5, 631 
data points), Before AP loss stathmin OE (n=32 N=5, 919 data points). Outliers were discarded by ROUT 
(Q=1.0%) for the plotting purposes, not for the statistical testing, which was done on the whole dataset. 
Statistical significance of the differences between instantaneous velocities: Directional WT Fig. 13 vs. After 
AP loss stathmin OE Mann-Whitney U test p<0.0001; After AP loss stathmin OE vs. Before AP loss 
stathmin Wilcoxon matched-pairs signed rank test p<0.0001; no BP RGC Fig. 16 vs. After AP loss 
stathmin OE Mann-Whitney U test p<0.3956. The data are shown as Tukey boxplot (box shows median 
and interquartile range and whiskers show 1.5 of the interquartile range). The median Directional WT Fig. 
13=0.26 µm/min, no BP RGCs Fig. 16=0.20 µm/min, After AP loss stathmin=0.18 µm/min, Before AP 
loss stathmin=0.05 µm/min. 
C) Random microtubule organizing center (MTOC) position during RGC multipolar migration. 
Microtubules and MTOC were labeled by ath5:GFP-DCX injection. The RGC (white dot) initially has an 
apical MTOC (white arrowhead). The loss of apical process attachment triggers multipolar migratory mode 
(time 1:10) and later the MTOC is found at random position in the cell. Gray phase: cell still has the apical 
process. Green phase: directional multipolar mode. The dashed line delimits the apical and basal side of the 
retina. Time is shown in hh:mm. Scale bar: 10 µm. 
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Figure 27. RGCs can switch to a multipolar migratory mode after Arp2/3 inhibition. 
A) Multipolar migration induced by Arp2/3 inhibition. The ath5:gap-RFP fish were imaged in a spinning 
disk microscope from 34 hpf. CK-666 was added at the start of imaging. Images were denoised in Fiji 
(ROF denoise). The dashed line delimits the apical and basal side of the retina. White dot: RGC followed. 
Arrowheads: apical process. Asterisk: loss of apical process. Time is shown in hh:mm. Scale bar: 10 µm. 
B) Multipolar migration induced by Arp2/3 inhibition. NWASP-CA overexpression was induced at 30 hpf. 
Movie starts at 34 hpf. Gray phase: cell still has the apical process. Green phase: directional multipolar 
mode. Dashed lines delimit the apical and basal sides of the retina. White dot: RGC followed. Arrowheads: 
apical process. Asterisk: loss of apical process. Time is shown in hh:mm. Scale bar: 10 µm. 
C) Typical trajectory of RGC after Arp2/3 inhibition (NWASP-CA overexpression) from the montage in 
(G). Arrowhead: loss of the apical process (AP). For more trajectories see Fig. 28A. The average WT 
trajectory is shown for comparison. 
D) MSDs of RGCs after Arp2/3 inhibition (NWASP-CA overexpression). The values are taken from the 
first 95 min after mitosis and the first 95 min after apical process loss. WT from Fig. 13C and RGC 
without basal process from Fig. 16G are plotted for comparison. 
E) Directionality ratios of RGCs after mitosis and after apical process loss in the Arp2/3 inhibition 
condition (NWASP-CA overexpression). The values are taken from the first 95 min after mitosis and the 
first 95 min after apical process loss. Directionality ratio at the end of the trajectory: After AP loss=0.63 
After mitosis=0.70. WT from Fig. 13D and RGC without BP from Fig. 16J are plotted for comparison. 
 
Next, I tested if the hypothesis was also true for conditions resulting in disruption of basal 
process attachment. I examined the migratory mode of RGCs after Arp2/3 inhibition. The 
experiments using CK-666 revealed that RGCs in this condition lost the basal attachment and 
later upon the apical attachment loss they switched into the multipolar migratory mode 
(Fig. 27A). For quantification of the migration upon Arp2/3 inhibition, I turned to mosaic 
expression of the dominant negative NWASP-CA. After NWASP-CA overexpression, RGCs 
also lost their basal attachment, which was followed by the apical detachment and multipolar 
migration (Fig. 27B and C). Multipolar migration in the NWASP condition was not as fast and 
directionally persistent as after MT destabilization. There was no increase in speed after loss of 
the apical process (Fig. 28A and B). Rather, the cells in the multipolar phase were slower and 
less directionally persistent than in the preceding bipolar phase (Fig. 27D and E). This could 
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reflect a direct requirement for Arp2/3 activity to move the cell during multipolar migration. 
Contrary to the strong effect in RGCs, NWASP-CA overexpression did not change the retinal 
progenitor morphology or nuclear movements (Fig. 28C). 
Altogether, the examples of RGC multipolar migration demonstrated that the formation of basal 
RGC layer was a robust process and cells after various perturbations could adopt an alternative, 
although less efficient, migratory mode to reach their destination. 
 
Figure 28. Further quantifications of the multipolar migratory mode after Arp2/3 inhibition and 
no effect of this inhibition on progenitors. 
A) Five representative trajectories of the free migrating RGCs in the NWASP-CA overexpression (OE) 
condition. 0 indicates the mitotic position of cells. The arrowhead marks the loss of apical process.
B) Comparison of instantaneous velocities in NWASP-CA overexpression before and during the 
multipolar migration and with control conditions. The instantaneous velocities are calculated from the 
trajectories of cells 95 min after mitosis and 95 after apical process loss.  
After AP loss NWASP OE (n=18 N=4, 342 data points), After mitosis NWASP OE (n=18 N=4, 342 data 
points). Outliers were discarded by ROUT (Q=1.0%) for the plotting purposes, not for the statistical 
testing, which was done on the whole dataset. Statistical significance of the differences between 
instantaneous velocities: Directional WT Fig. 13 vs. After mitosis NWASP OE Mann-Whitney U test 
p<0.0001; After AP loss NWASP OE vs. After mitosis NWASP OE Mann-Whitney U test p=0.0013; no 
BP RGC Fig. 16 vs. After AP loss NWASP OE Mann-Whitney U test p<0.0001; no BP RGC Fig. 16 vs. 
After mitosis NWASP OE Mann-Whitney U test p<0.0001. The data are shown as Tukey boxplot (box 
shows median and interquartile range and whiskers show 1.5 of the interquartile range). The median After 
AP loss NWASP OE=0.10 µm/min, After mitosis NWASP OE=0.15 µm/min. 
C) Arp2/3 inhibition by NWASP-CA has no effect on retinal progenitor cell cycle or nuclear migration. 
WT fish were injected with the hsp70:mKate2-NWASP-CA and ath5:GFP-CAAX (not expressed in these 
cells) DNA. Time is shown in hh:mm. Scale bar: 10 µm. 
 
Amacrine cells (ACs) are another retinal neuronal type, for which the switching from bipolar to 
multipolar morphology was demonstrated during their translocation (Chow et al., 2015). Unlike 
in RGCs, the bipolar to multipolar switch is a standard part of the translocation process in ACs. I 
aimed to compare the sequence and kinetics of events during AC translocation to the multipolar 
mode observed in RGCs to see if this bipolar to multipolar switch is governed by the same 
mechanism and potentially conserved in both cell types. For this comparison, I required an AC 
translocation dataset acquired in LSFM at equally high temporal resolution as the RGC 
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translocation data. To achieve mosaic labeling of ACs, I transplanted the blastomeres of 
Tg(bactin:ras-GFP, ptf1a:dsRed) into WT acceptors. This transgenic combination of ubiquitous 
membrane marker and AC specific reporter allowed backtracking of ACs in the time-lapse 
sequence even before they switched on the ptf1a reporter expression, which is strongly expressed 
only after ACs reach the inner nuclear layer (Fig. 29A). AC translocation could be separated into 
two phases as reported before (Chow et al., 2015). In the bipolar phase, ACs translocated slowly 
towards their final position in the inner nuclear layer. Once they lost the apical attachment, ACs 
switched to a multipolar phase, during which they finished the translocation within around 
50 min from the apical process detachment (Fig. 29A and B). In the multipolar phase ACs 
moved faster and more directionally than in the bipolar phase (Fig. 29C and D). Their median 
velocity was comparable to RGCs after MT destabilization or RGCs without basal process in the 
control situation (Fig. 29D). 
The comparison of RGC and AC translocation highlighted several similarities. In both cell types 
the apical detachment triggered the more directional multipolar migratory mode. Additionally, 
the cells in multipolar mode displayed comparable speed and directionality. This suggests that 
similar mechanisms could be in play during translocation of different cell types.  
 
Figure 29. Amacrine cell translocation shares some features with RGC translocation. 
A) Amacrine cell (AC) translocation. bactin:ras-GFP, ptf1a:dsRed double transgenic embryos were used as 
donors for blastomere transplantation into WT acceptors. The translocating AC (white dot) initially has the 
AP (white arrowheads). Once it is lost (asterisk), this triggers fast directional movement to its final 
position. Gray phase: still with apical process. Green phase: directional multipolar mode. The dashed line 
delimits the apical side of the retina and the inner nuclear layer (INL), where the amacrine cells reside. 
Time is shown in hh:mm. Scale bar: 10 µm. 
B) A representative trajectory of the translocating AC from (A). Arrowhead: loss of apical process. 
C) Directionality ratio of ACs before and after apical process loss. The average of all tracks is shown with 
error bars representing S.E.M. The interval of 50 min before and 50 min after AP loss was taken into 
account, because that is the average duration of the directional movement after apical process loss in ACs. 
Directionality ratio at the end of the trajectory: ACs after AP loss =0.92 ACs before AP loss =0.60. 
D) Comparison of instantaneous velocities in amacrine cells (ACs) before and after apical process loss. 4 
outliers were discarded by ROUT (Q=1.0%). ACs after AP loss (n=24 N=3, 257 data points), ACs before 
AP loss (n=24 N=3, 462 data points). The differences between instantaneous velocities are statistically 
significant: ACs after AP loss vs. ACs before AP loss Mann-Whitney U test p<0.0001. The median ACs 
after AP loss=0.18 µm/min, ACs before AP loss=0.05 µm/min. 
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Figure 30. RGC translocation is stalled upon aPKC-CAAX overexpression and is not rescued over 
time. 
A) No RGC translocation upon aPKC-CAAX overexpression. Time is shown in hh:mm. Dashed lines 
delimit the apical and basal sides of the retina. Note the randomized cleavage plane in the first panel, a side 
effect of aPKC-CAAX expression. White dot: RGC followed. Arrowheads: AP. Blue arrow: axon. Scale 
bar: 10 µm. 
B) Staining for differentiated RGCs with Zn5 antibody in control retina at 48 hpf. Note the basal RGC 
layer co-labeled with ath5:gap-GFP and Zn5. The dashed lines mark the apical and basal sides of the retina. 
Scale bar: 20 µm. 
C) aPKC-CAAX-overexpressing retina stained with Zn5 antibody at 48 hpf. Note disorganized RGC layer 
and ectopically differentiated RGCs. The strong signal beyond the apical side of the retina on the embryo 
surface is a nonspecific staining. 
D) aPKC-CAAX expression specifically in the ath5 lineage stops translocation to the basal side and RGCs 
polarize at ectopic locations. Note the randomized cleavage plane in the first and fourth panel, a side effect 
of aPKC-CAAX expression. Time is shown in hh:mm. Dashed lines delimit the apical and basal sides of 
the retina. White dot: RGC followed. Arrowheads: apical process. Asterisk: loss of apical process. Blue 
arrow: axon. Scale bar: 10 µm. 
 
3.9 Ectopically differentiating RGCs perturb retinal lamination 
The unexpected robustness of RGC layer formation ensured by two distinct migratory modes 
suggested that there is a selection pressure, which ensures that this process occurs without 
mistakes. I hypothesized that the high fidelity of RGC translocation could have evolved to avoid 
defects in subsequent retinal development caused by ectopic RGCs. To test this hypothesis, I 
required a perturbation, which would efficiently stop the translocation of the majority of RGCs. 
Since many strategies interfering with actin cytoskeleton were able to stop RGC translocation, I 
explored the overexpression of a membrane-targeted atypical protein kinase C zeta (aPKC-
CAAX), which was shown to restructure the actin cytoskeleton in retinal progenitors (Strzyz et 
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al., 2015). I confirmed this finding also in corneal cells (Fig. 20C), where aPKC-CAAX increased 
cortical actin amounts but decreased the number and length of microridges. Importantly, even 
though the aPKC is one of the key determinants of epithelial polarity, aPKC-CAAX expression 
does not overwrite the polarity information of cells in the retina (Strzyz et al., 2015). 
 
Figure 31. Following ectopic RGCs in one embryo over time. 
The SoFa2 transgenic fish (combination of ath5:gap-RFP (labeling RGCs and photoreceptors), crx:gap-CFP 
(labeling photoreceptors and bipolar cells), ptf1a:Gal4-VP16 UAS:gap-YFP (labeling horizontal cells and 
amacrine cells) was imaged every 12 hours and kept in the incubator between the time points. The ectopic 
RGCs developed on the left (temporal, T) side of the retina. The right (nasal, N) side developed as control 
(see Fig. 32) due to earlier differentiation there. Arrowhead: cluster of RGCs that trigger ectopic lamination 
of other cells types. Arrow: cluster of RGCs that interrupts the normal lamination without triggering 
ectopic layers. Dashed box: the magnified area. Scale bar: 20 µm. 
 
I created a Tg (hsp70:mKate2-aPKC-CAAX) line (Fig. 30C) to be able to induce strong and 
ubiquitous expression of aPKC-CAAX at the onset of RGC translocation. Interestingly, time-
lapse imaging of RGCs in the Tg (ath5:gap-GFP, hsp70:mKate2-aPKC-CAAX) line with aPKC-
CAAX expression induced at the time of RGC birth revealed that RGC translocation is 
completely stalled in this condition (Fig. 30A). RGCs lost the basal process but kept their apical 
attachment until differentiation, as marked by the axon outgrowth. These numerous ectopic 
RGCs never reached the basal retinal layer, as demonstrated by Zn5 staining of these embryos at 
48 hpf (Fig. 30B and C). The ectopic position of RGCs after aPKC-CAAX overexpression in 
the Tg line could be explained as a cell-autonomous effect on RGC translocation or as a non-cell 
autonomous effect caused by the effect of aPKC-CAAX on the surrounding cells. To confirm 
that the observed arrest in RGC translocation is a consequence of aPKC-CAAX cell autonomous 
effect in RGCs, I created an ath5:mKate2-aPKC-CAAX construct, which restricted aPKC-CAAX 
expression to the ath5 lineage. The behavior of RGCs expressing this construct resembled the 
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situation in the aPKC-CAAX transgenic line (Fig. 30D). Thus I concluded that aPKC-CAAX 
acts cell-autonomously in RGCs to inhibit their translocation. The RGCs in this condition could 
be stalled because of the changed properties of the actin cytoskeleton, which do not allow 
efficient basal nuclear movement. Additionally, the aPKC-CAAX condition could make the 
apical attachment too strong and could inhibit the transition towards multipolar migration, which 
is triggered by the loss of apical attachment.  
 
Figure 32. Following retinal development in a control embryo over time. 
The SoFa2 transgenic fish (combination of ath5:gap-RFP (labeling RGCs and photoreceptors), crx:gap-CFP 
(labeling photoreceptors and bipolar cells), ptf1a:Gal4-VP16 UAS:gap-YFP (labeling horizontal cells and 
amacrine cells) were heat shocked at 32 hpf and imaged in the LSFM from 36 hpf every 12 hours. The fish 
were kept in the incubator between the time points. No ectopic RGCs developed. Scale bar: 20 µm. 
 
Establishing the experimental condition that produced abundant ectopic RGCs allowed me to 
test whether this RGC translocation defect had an influence on subsequent retinal lamination. 
For this experiment, the Tg (hsp70:mKate2-aPKC-CAAX) line was crossed with the Tg(SoFa2) 
(Almeida et al., 2014). The SoFa2 line is a combination of transgenes based on ath5, ptf1a and crx 
transcription factor promoters, which visualizes each retinal neuronal type by expression of at 
least one membrane-targeted fluorescent protein (Fig. 31, Fig. 32). To capture retinal lamination 
in this combination of transgenes, I induced the aPKC-CAAX overexpression at 32 hpf and 
imaged the embryos in LSFM every 12 hours from 36 hpf to 84 hpf. The misplaced RGCs 
detected early (48 hpf, 60 hpf) persisted until the 84 hpf time point and introduced irregularities 
in neuronal layering (Fig. 31). Surprisingly, the ectopic RGCs also recruited later born neuronal 
types and seemed to make connections with them. The retinas in control condition did not show 
any ectopic RGCs and developed uninterrupted neuronal layers (Fig. 32). 
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Figure 33. Ectopically differentiated RGCs induce retinal lamination defects. 
A) Control retina at 96 hpf with RGCs, photoreceptors (magenta) and bipolar cells (green) labeled. 
Additionally all nuclei were stained with DRAQ5 (blue). Dashed line delimits the apical side of the retina. 
Scale bar: 50 µm. 
B) Organizing role of ectopic RGCs. Asterisks: clusters of ectopic RGCs organizing the later born bipolar 
cells around themselves. Dashed lines delimit independent areas of lamination. Note the formation of 
inner plexiform layer-like structures in the areas of ectopic lamination. Scale bar: 50 µm. 
C) Lamination defects after mosaic expression of ath5:mKate2-aPKC-CAAX. Asterisks: area with the 
lamination defect, note the absence of defined inner plexiform layer. Scale bar: 50 µm. 
D) Retinal lamination upon aPKC-CAAX overexpression in the absence of RGCs. Note that the overall 
retina lamination is normal and the RGC layer is partially filled with bipolar cells. Showing that the 
disturbed lamination of bipolar cells in (B) is a non-cell autonomous effect caused by displaced RGCs. The 
ath5:gap-RFP reporter is still expressed in other cell types, but the RGCs are completely absent in ath5 
morphant as no optic nerve was formed. Scale bar: 50 µm. 
 
The recruitment of other cell types by RGCs and formation of inner plexiform layer-like 
connections with them was more apparent in another experiment done with a different 
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combination of transgenic lines. In this case, besides the ath5:gap-RFP and hsp70:mKate2-aPKC-
CAAX transgenes, the bipolar cells, which are the synaptic partners of RGCs, were labeled with 
Tg(vsx1:GFP) (Fig. 33, Fig. 34). Inducing aPKC-CAAX expression around the time of RGC 
birth and assessing the retinal lamination at 96 hpf revealed patches of ectopic RGCs and 
ordered layer of bipolar cells around each of them (Fig. 33B). No such ectopic clusters of retinal 
neurons could be detected in the control, where the aPKC-CAAX was not expressed (Fig. 33A). 
Milder and infrequent lamination defects could also be triggered by mosaic expression of 
ath5:mKate2-aPKC-CAAX resulting from plasmid DNA injection (Fig. 33C). 
I suggested that the various types of neurons observed in ectopic locations were displaced due to 
an organizing role of RGCs that did not reach the basal retina. However, I had to exclude the 
possibility that other neuronal types were displaced by the cell-autonomous effect of aPKC-
CAAX on their own translocation because aPKC-CAAX was expressed in all cells in the 
Tg(hsp70:mKate2-aPKC-CAAX) line. I first reasoned that in the complete absence of RGCs, the 
retinal lamination should be normal irrespective of aPKC-CAAX expression. Such inhibition of 
RGC birth was achieved by the ath5 morpholino injection. The knockdown of this transcription 
factor is an established method to suppress RGC development (Pittman et al., 2008; Randlett et 
al., 2013; Weber et al., 2014). After ath5 knockdown and aPKC-CAAX overexpression retinal 
lamination was not perturbed (Fig. 33D) confirming the active role of ectopic RGCs in 
displacement of other neuronal types in the retina. In the absence of RGCs, the basal layer of the 
retina was filled with other cell types, partially with bipolar cells and likely also by amacrine cells 
(Weber et al., 2014) not labeled in this experiment. The efficient suppression of RGC formation 
was confirmed by the absence of the optic nerve (Fig. 33D).  
In the second experiment aimed at testing the organizing role of RGCs for other neuronal types, 
I took advantage of the sequential birth of neurons in the retina with RGCs being born first. I 
hypothesized that if aPKC-CAAX expression is induced only after the majority of RGCs 
successfully reached the basal retina, the later born neurons should laminate normally. Thus, the 
embryos were heat shocked to induce aPKC-CAAX expression at the time points when the 
highest number of RGCs were translocating (30 hpf), when the RGC translocation was already 
coming to an end (36 hpf) and when the basal RGC layer was already fully formed (48 hpf). 
Analysis of the retinas at 96 hpf confirmed the severely perturbed lamination in the embryos heat 
shocked at 30 hpf (Fig. 34A). The embryos heat shocked six hours later displayed only minor 
defects with few ectopic clusters of cells (Fig. 34B) and the retinal lamination of embryos heat 
shocked at 48 hpf was completely normal; identical as in the controls (compare Fig. 34C and 
Fig. 33A). 
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Figure 34. aPKC-CAAX expression perturbs retinal lamination only during a short time window. 
A) B) C) ath5:gap-RFP, vsx1:GFP, hsp70:mKate2-aPKC-CAAX triple transgenic line was heat shocked at 
30 hpf (A), 36 hpf (B) or 48 hpf (C), fixed at 96 hpf and stained with DRAQ5 to additionally label the 
nuclei. The severe lamination problems can be observed in (A). Mild phenotype can be seen in (B) with 
only a few ectopic clusters of bipolar cells (arrowheads) and in (C) the retina is indistinguishable from the 
control (Fig. 33A) with only one continuous RGC layer and the whole retina forming an unperturbed 
layered structure. Scale bar: 50 µm. 
 
In summary, complete inhibition of RGC translocation resulted in ectopic differentiation of 
RGCs in the apical retina, which perturbed later formed retinal layers. From my experiments I 
could conclude that RGCs displayed an active organizing role in retinal lamination, recruiting 
their synaptic partners, the bipolar and the amacrine cells, to ectopic locations. Successful RGC 
translocation and layer formation in the basal retina was revealed as a prerequisite for the 
subsequent correct lamination of later born neurons and successful retinal development. 
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4 Discussion 
In this thesis, I document the translocation and lamination of the first born neuronal type in the 
zebrafish retina, the RGCs. RGCs establish the most basal neuronal layer in the retina and form 
the optic nerve. I quantify the kinetics of the dominant mode of RGC movement, the somal 
translocation (Fig. 35A), and demonstrate that it is directionally persistent. It relies on the 
attachment of the basal process to the basement membrane (Fig. 35B) as well as on the 
stabilized apical microtubules. I further report several conditions, which perturb somal 
translocation. These experiments reveal that 
RGCs can adopt a multipolar migratory 
mode. During the multipolar mode, the 
migratory RGCs attach neither to the 
basement membrane, nor apically but are 
still able to reach the basal layer of the retina 
successfully (Fig. 35C). In a situation, when 
both modes are inhibited, RGCs are unable 
to migrate and differentiate ectopically (Fig. 
35D). This in turn triggers lamination 
defects by organizing the later born 
neuronal types around the ectopic RGCs. 
These findings demonstrate that the 
establishment of the basal RGC layer by 
somal translocation is a crucial initial step 
towards forming the regularly laminated 
mature vertebrate retina. 
The manuscript describing this research 
project is now accepted for publication in 
the Journal of Cell Biology and it is available 
as a preprint (Icha et al., 2016a). 
 
Figure 35. Summary of the different RGC translocation scenarios. 
A) Somal translocation of RGC inheriting the basal process, a mode used by 80% cells. The RGC 
translocates basally faster than the sister cell. Directionally persistent somal translocation is followed by 
fine positioning, during which cells lose their apical process and eventually form the axon. 
B) Somal translocation of RGC not inheriting the basal process, a mode used by 20% of cells. The RGC 
initially lags behind the sister cell during the basal movement. Later, it regrows the basal process and 
overtakes it. Translocation is less efficient than in A). Fine positioning phase is shorter than in A). 
C) Multipolar migratory mode. This mode occurs after microtubule destabilization or Arp2/3 inhibition 
and in rare cases in the control embryos. After loss of basal process attachment, the RGC also detaches its 
apical process and increases protrusive activity. The cell then moves towards the basal side using the 
multipolar mode. This movement is less efficient than in A). Axon formation and RGC layer establishment 
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are not affected by the preceding multipolar movement. 
D) No translocation. In case their translocation is inhibited, RGCs are able to differentiate at ectopic 
locations instead of establishing a compact layer. The ectopic RGCs have the ability to recruit the later 
born neuronal types, which has severe consequences for subsequent retinal lamination. 
  
4.1 Similarities and differences between immature RGCs and progenitors with respect to 
their nuclear movements 
RGCs are born at a stage, when the surrounding tissue consists mainly of progenitor cells (Cajal, 
1972; Nawrocki, 1985; Sidman, 1960). Although the immature RGCs are already determined 
towards the neuronal fate, they retain some neuroepithelial features until they lose the apical 
process. Besides their bipolar shape spanning the whole retina, there are other similarities 
between progenitors and immature RGCs. They both move their nucleus within the cell and their 
nuclear movement is most directional and has highest velocity directly after cell division, when 
the nuclei are clearing the mitotic zone at the apical side. This high directionality partially comes 
from the fact that the apical side serves as a barrier for movement and nuclei initially have to 
move basally (Leung et al., 2011). In addition, my data show that having the basal process helps 
to make basal movement more efficient in both cell types. 
Despite the general similarities, I also detect differences between the nuclear movements in 
RGCs and progenitors. The direct comparison of nuclear movement in both cell types reveals 
that the basal nuclear translocation after mitosis is faster in RGCs than it is in the progenitors, 
which hints towards distinct or additional mechanisms driving the nuclear translocation in these 
neurons. One of the intracellular differences that can explain the speed difference is the more 
stabilized MT cytoskeleton in RGCs. Using MT perturbation experiments, I demonstrate that 
these stabilized MTs are required for the nuclear movements in RGCs. However, consistent with 
earlier reports (Norden et al., 2009), MTs are dispensable for the progenitor nuclear movements 
here confirmed by a novel way of MT perturbation using Stathmin overexpression. Thus, 
although the immature RGCs partly resemble the progenitors, they activate different cellular 
programs to translocate their nuclei. It will be interesting to study this transition from a 
progenitor to a neuron in the retina also from the global perspective by comparing the 
transcriptomes or proteomes of cells in these two stages, as shown by an initial study comparing 
the transcriptomes of progenitors and young RGCs in the mouse retina (Gao et al., 2014). 
Besides the systems level understanding of this transition, the list of differentially expressed genes 
can also help to formulate hypotheses about the exact force generating mechanism for the basal 
movement of RGC nuclei. The understanding of the cellular transition from progenitors to 
neurons in the retina can then be related to the similar transition from radial glial cells to neurons 
occurring in the brain. 
 
 
 
 
 
71 
4.2 RGC movement at the cellular level, basal process inheritance and axonogenesis 
In the majority of cells, RGC movement involves two phases, the fast, directionally persistent 
somal translocation, which is followed by fine positioning. I show that somal translocation is the 
most efficient mode of movement for RGCs. Somal translocation is a continuous movement 
rather than occurring in discrete steps, which is typical for many other neuronal migration events 
(Cooper, 2013). The movement of RGCs is similar to the somal translocation of serotonergic 
neurons in the ventral brain stem of mice described previously (Hawthorne et al., 2010). There, 
the somal translocation is also followed by loss of both processes and by short distance fine 
positioning movements. Furthermore, the average speed of somal translocation of the 
serotonergic neurons (17.5 µm/h) is remarkably similar to the speed of RGCs in the directional 
phase (14.9 µm/h). However, it is important to note that the experimental setups are very 
different. The study of Hawthorne and colleagues is based on imaging cells in slice culture by 
wide field microscopy instead of in toto imaging by LSFM for RGCs. 
I reveal that one cellular component required for fast and efficient somal translocation of RGCs 
is the basal process. Interestingly, I show that after apical division it is the RGC that 
preferentially inherits the basal process in 80% of cases at the expense of the photoreceptor 
precursor sister cell. This is surprising because the typically observed situation in asymmetric 
neuronal progenitor divisions, such as the division that gives rise to an RGC, is that the basal 
process is inherited and required by the cell that will proliferate further and not by the 
differentiating neuron ((Konno et al., 2008; Noctor et al., 2004a; Shitamukai et al., 2011) see the 
introduction). For RGCs though, I demonstrate that the basal process is required for efficient 
somal translocation and in several conditions, when the basal process attachment is destroyed, 
RGCs cannot translocate properly. Some of these cells fail the translocation completely and 
differentiate ectopically, extending their axon from mid-retinal positions. Furthermore, in the 
20% of cases, when RGCs do not inherit the basal process, they actively grow a new basal 
process and once they stably attach basally, their translocation speed is boosted. Together, this 
demonstrates that RGCs have an intrinsic propensity for basal process attachment until they 
differentiate.  
The asymmetric inheritance of the basal process by the RGC raises the question, why the sister 
cell of the RGC does not require the basal process for continued proliferation as other neural 
progenitors. The reason for it could be that the sister cell is not a typical multipotent progenitor. 
Instead, in the vast majority of cases, the sister cell is committed to the photoreceptor lineage and 
divides only once more to give rise to two photoreceptors (Norden lab, unpublished data). Even 
in the 20% of cases when the basal process is inherited by this sister cell, the process is not stable 
and it is detached from the basement membrane soon after division. This detachment occurs 
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around the time, when the sister cell reverses the direction of its translocation and moves back 
towards the apical side, which is also the time point when the earliest photoreceptor specification 
reporter crx:gap-CFP (Almeida et al., 2014) starts to be expressed in these cells (Norden lab, 
unpublished data). Likely, this cell is already entering the path towards photoreceptor 
differentiation program, for which there is no mechanism of maintenance or requirement for a 
process attached to the basement membrane.  
Irrespective of the basal process inheritance, RGCs are able to reach the basal retina. Once 
positioned within the nascent RGC layer, their behavior changes. RGCs enter the phase of 
random motion, the fine positioning. The end of fine positioning is marked by the axon 
outgrowth. During fine positioning RGCs lose the apical process. Although this event typically 
occurs one hour before axon formation (median), in some cases the apical process detaches only 
after the axon already started to form, therefore it can be inferred that these two events are 
temporally correlated but not directly dependent on each other. Similar observations were also 
made by (Zolessi et al., 2006).  
The movement of an RGC comes to a halt once the cell grows its axon. In the past, different 
hypotheses were suggested about the origin of the RGC axon. Some postulated that the axon 
grows from the side of the basal process of the cell with bipolar morphology (Cajal, 1972; 
Morest, 1970a; Watanabe et al., 1991). Others described that the basal process itself transforms 
into an axon (Hinds and Hinds, 1974). I propose that a third scenario of axon formation is 
dominant in the zebrafish retina. My observations show that in most cells the basal process is 
completely retracted and later the axon is extended de novo. Another study (Zolessi et al., 2006) 
noted that axon formation by basal process transformation is observed in late born RGCs, 
whereas early born RGCs create the axon de novo as I observed. Thus, the basal process and axon 
relation in RGCs is not yet fully resolved. A similar scenario of de novo growth applies for the 
origin of the dendritic tree, which forms after the apical process is fully retracted. The de novo 
formation of neurites in RGCs is different from the situation in retinal bipolar cells, where the 
basal and apical processes directly transform into axons and dendrites (Morgan et al., 2006). 
Thus, the relation between the neuroepithelial processes of progenitor cells and neurites of 
mature neurons varies depending upon the neuronal type. The de novo formation of neurites 
occurs in the cell types that temporally go through a phase, in which the neuroepithelial 
processes are completely lost, like the fine positioning of RGCs or the multipolar phase of ACs. 
 
4.3 Cellular structures and their relation to RGC movement 
The centrosome in RGCs resides in the tip of the apical process throughout their translocation. 
The Golgi apparatus is also positioned within the apical process, trailing the nucleus. This 
 
 
 
 
73 
arrangement is reminiscent of the situation in the zebrafish cerebellum in the translocating 
neurons derived from the rhombic lip (Distel et al., 2010) or in the progenitor cells in the 
neocortex (Taverna et al., 2016). Such orientation of the centrosome in the trailing process 
behind the nucleus rules out that RGCs move by the well characterized molecular mechanism of 
neuronal translocation, in which the centrosome organizes MTs in the leading process and 
dynein motors pull on the nucleus (Cooper, 2013). 
Still, the centrosome likely plays a role in RGC translocation by nucleating and organizing the 
stabilized MTs in the apical process. These MTs appear to be important for the apical process 
stiffness. I speculate that the MTs could serve as a barrier growing continuously behind the 
nucleus as it moves basally, preventing the nucleus from moving back apically. Testing this 
ratchet hypothesis directly is difficult because of the lack of tools to interfere specifically with the 
apical MTs. Indirect support for this hypothesis comes from the less directionally persistent basal 
nuclear movement of progenitors, which do not possess such stabilized MTs and from the 
experiment with global MT depolymerization by Stathmin overexpression. In this condition, the 
nuclei of RGCs are typically observed to jump back towards the apical side, an event that rarely 
occurs in the control.  
However, at this stage the exact mechanism of the apical MTs involvement is still unclear. Based 
on the EB3 data capturing the microtubule growth, I excluded the possibility that the apical MTs 
would actively push the nucleus by polymerization at the plus end, as documented in the 
Drosophila oocyte (Zhao et al., 2012). The MTs in RGCs were seen to avoid the nucleus and 
grow around the nuclear outline and they were never observed to collide with it and to create 
indentations in the nuclear membrane. 
The stabilization of MTs in the immature translocating RGCs could be also interpreted not as an 
adaptation driven by a need for nuclear translocation but rather as a consequence of the ongoing 
differentiation program towards a mature neuron, which contains high amounts of stabilized 
MTs. Thus, the stabilized MTs in the translocating RGCs might just be coopted to aid nuclear 
translocation because they are already present in the cell. 
 
4.4 RGCs can employ a multipolar migratory mode in case of perturbed somal 
translocation 
I hypothesized that RGC translocation would stop after I interfere with it either by destabilizing 
MTs or the basal process attachment. However, most RGCs still reach the basal retina in these 
conditions, demonstrating that the RGC layer formation is a robust process. Time-lapse imaging 
reveals that RGCs without the basal process, which were stalled close to the apical side for 
several hours, are able to adapt to this situation. Such neurons subsequently retract also the apical 
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process and switch to a multipolar migratory mode. The delamination after experimentally 
triggered loss of basal attachment is not unique for RGCs. It is observed also for example in the 
mouse cortical progenitors (Okamoto et al., 2013). However, what is distinct for RGCs is that 
their multipolar migration is still an effective directional movement across the retina, while in the 
other cases there is no productive displacement of the delaminated multipolar neurons and they 
do not reach their correct position, which results in disorganized tissue morphology (Okamoto et 
al., 2013). 
The multipolar migratory mode of RGCs is a somewhat less efficient movement than the somal 
translocation but nevertheless leads to successful crossing of the retina. In RGCs, the multipolar 
migratory mode is more directional than the multipolar stage of cortical neurons, which is close 
to a random movement (Noctor et al., 2004a; Tabata and Nakajima, 2003). This poses the 
question, what is the source of the positional information for RGCs, since they are neither 
attached apically, nor basally. The source of directionality of RGCs could be the surrounding 
progenitor cells. Progenitors span the whole apico-basal width of the tissue and due to their 
lateral interactions could allow easier movement in the radial (apico-basal) than the tangential 
(lateral) direction. The directionality could also be reinforced by apical repulsive cues, e.g. factors 
produced by the retinal pigment epithelium cells or by basal attractive cues, e.g. ECM proteins 
originating from the basement membrane. One such candidate ECM protein is Laminin α1, 
which is known to be required for polarized axon outgrowth in RGCs (Randlett et al., 2011b). 
The molecular identity of cues for multipolar migration of neurons in the retina is an interesting 
question for the future. 
The switching between different migratory modes is a common theme among developing 
neurons. It is observed, e.g. in the projection neurons and interneurons in the cerebral cortex, or 
in the cerebellar granule cells, which all alternate among different modes during their migration 
(Cooper, 2013; Icha and Norden, 2014; Marin et al., 2010). However, in the retina the multipolar 
migratory mode is the final step after somal translocation before the neuron polarizes, whereas in 
the cortical neurons the multipolar stage occurs shortly after cell division and precedes somal 
translocation. 
The random, dynamically changing position of the centrosome, as I observed it in the RGCs in 
multipolar mode, is typical for multipolar migration in general. It is documented also for the 
mouse cortical neurons in the multipolar stage, where the centrosome relocates to the base of 
whichever process becomes dominant at that moment (Sakakibara et al., 2014). Additionally, my 
thesis, the study of Sakakibara and colleagues as well as others (Andersen and Halloran, 2012; 
Distel et al., 2010; Stiess et al., 2010; Zolessi et al., 2006) demonstrate that there is no general rule 
about the correlation between centrosome position in the cell and the site of axonogenesis as 
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suggested from in vitro studies of hippocampal neurons (de Anda et al., 2005; Dotti et al., 1988). 
In the RGCs and neurons undergoing glial-guided migration the axon is formed at the side of the 
nucleus away from the centrosome. In the multipolar neurons (Sakakibara et al., 2014), the 
process that gives rise to the axon sometimes contains the centrosome and sometimes it does 
not, which suggests that the centrosome and the microtubules associated with it are not required 
for axonogenesis. 
Interestingly, upon axonogenesis, the RGCs forced into the multipolar mode by perturbations do 
not extend several neurites, from which one later becomes an axon, as seen for RGCs and other 
neurons in vitro (de Anda et al., 2005; Dotti et al., 1988; Zolessi et al., 2006). Instead, multipolar 
RGCs grow a single axon similarly to RGCs that undergo somal translocation and retain the 
polarity information by attachment of their processes. From this behavior it seems that the 
multipolar RGCs do not need to undergo a cell-intrinsic break of symmetry prior to 
axonogenesis as the neurons in vitro but rather react to the external polarizing cues from the 
basement membrane (Randlett et al., 2011b). These discrepancies between the in vitro and in vivo 
results show that the in vitro experiments are not truly representative of the situation in a 
developing organism. Although the in vitro experiments laid the foundation of our knowledge and 
uncovered many general rules and principles of CNS development, now whenever possible 
experiments should be performed in vivo, where the cells develop in their natural tissue context. 
 
4.5 Common themes in RGC and amacrine cell translocation 
While analyzing the multipolar migratory mode of RGCs, I wanted to see how conserved or 
universal the trends I observed are. Another neuronal type in the retina undergoing multipolar 
migration are the amacrine cells (ACs). Unlike the RGCs, where it occurs predominantly after 
different perturbations, multipolar migration is a standard migratory mode for ACs (Chow et al., 
2015). It is known that after initial bipolar translocation phase, ACs lose their apical process and 
switch to multipolar migration for the remainder of the distance to the prospective AC layer. By 
repeating an experiment from a previous study (Chow et al., 2015) with higher temporal 
resolution I could show that the loss of apical process and switch to multipolar mode triggers 
faster movement in ACs in the same manner as I observed in RGCs. 
Although the translocations of RGCs and ACs look similar at the cellular level, their regulation 
and molecular mechanisms are likely distinct, as suggested by the different effects of aPKC-
CAAX overexpression in RGCs and ACs. aPKC-CAAX seems to act via restructuring the actin 
cytoskeleton (Strzyz et al., 2015) and inhibits both modes of RGC movement. On the other 
hand, AC translocation is not directly affected by aPKC-CAAX overexpression, only indirectly 
via ectopic RGCs in this condition. This resistance to actin perturbation in zebrafish ACs is 
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interesting because at least in the mouse retina, AC migration is governed by the influence of the 
planar cell polarity pathway on the actin cytoskeleton (Deans et al., 2011; Krol et al., 2016). For 
RGCs, I suggest that the actin cytoskeleton is directly involved in the multipolar migratory mode 
because after Arp2/3 complex inhibition, the multipolar movement of RGCs is slower than after 
MT destabilization or in the rare wild type cases of RGCs switching into the multipolar mode. 
Furthermore, the RGCs in the multipolar mode display numerous protrusions, which resemble 
actin rich filopodia and lamellipodia and seem to be important for their movement. 
The differences between RGCs and ACs in the force generation and directionality cues for their 
movement or apical process retraction are exciting and so far unexplored topics. 
In conclusion, there are common themes in neuronal migration across vertebrates. This means 
that findings from the zebrafish retina are most likely applicable also to other vertebrates and 
different parts of the CNS. Exploring less studied model organisms may be beneficial for the 
neuronal migration research, because it allows using an optimal model system for each scientific 
question and at the same time it provides information from evolutionarily distant animals that 
can be used to find the patterns shared by all vertebrates. 
 
4.6 Organizing role of RGCs in retinal lamination 
From my data, RGC basal movement emerges as a robust process resistant to various 
perturbations. The ability of RGCs to adopt the second, multipolar migratory mode leads me to 
the hypothesis that this robustness exists to secure correct formation of the RGC layer, which is 
a prerequisite to all subsequent layer formation. The experiment, in which RGC translocation is 
completely stopped by aPKC-CAAX overexpression, demonstrates that RGCs that fail to join 
the RGC layer disturb the formation of other retinal neuronal layers by making connections with 
ACs and bipolar cells (BCs) in wrong locations. Thus, the ectopic RGCs display an active, 
organizing role for later born neuronal types leading to the formation of ectopic layers of 
neurons and IPL-like structures in between them. These IPL-like structures contain the neurites 
of all the appropriate cell types, i.e. RGC and AC dendrites and BC axons. Two reasons argue 
that the formation of the ectopic neuronal layers is triggered by ectopic RGCs. 1) It can be 
triggered only by perturbation at the time point when RGCs are born and translocating, whereas 
later perturbation, when other cell types are born and translocating, does not negatively affect 
retinal lamination. 2) When RGC formation is completely suppressed by ath5 morpholino, other 
neuronal types laminate normally even after the same perturbation, which produced the ectopic 
layers of different neurons before. Together, this shows that aPKC-CAAX overexpression 
directly affects RGC translocation and the mislocalization of other cell types is a cell non-
autonomous effect. 
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This role of RGCs in the formation of the IPL-like structures is somewhat unexpected because 
in a reverse situation in the absence of RGCs, the remaining cell types can still organize their 
processes into an IPL. This robustness of IPL emergence is well documented (He et al., 2012; 
Kay et al., 2001; Randlett et al., 2013; Weber et al., 2014). However, careful examination of early 
steps of IPL formation in the lakritz mutant (no RGCs are born) reveals that the IPL is initially 
disorganized and its formation is slightly delayed (Kay et al., 2004). Some local errors in IPL 
sublamination even seem to persist into later developmental stages (Kay et al., 2004). This shows 
that at least transiently RGCs have some role in organizing the initial IPL formation with early 
AC projections. The BCs do not seem to have an organizing role for other neurons and simply 
follow the processes of RGCs and ACs, no matter if they are in a right or a wrong location (Kay 
et al., 2004). The same observation about BCs was made in the mouse retina, where ectopic AC 
dendrites displace BC axons (Deans et al., 2011). Overall, there are redundant signals that 
contribute to building the IPL but mispositioning of RGCs gives us the opportunity to unravel 
the intrinsic organizing capability of these cells. It would be interesting to identify the molecules, 
likely in the cytoplasmic membrane of RGCs, which are responsible for this organizing activity. 
The ectopic RGCs in the aPKC-CAAX overexpression condition (this construct contains the 
aPKCζ isoform) are reminiscent of the aPKCλ mutant (has) phenotype (Zolessi et al., 2006). In 
the has mutant retinas, ectopic RGCs were observed in the middle of the retina as well. It is 
possible that this could also be explained by a failed RGC translocation rather than failed 
polarization because RGCs polarization seemed unaffected and the cells could extend their axons 
correctly in this mutant (Zolessi et al., 2006). Next, it would be intriguing to check the lamination 
of other retinal neuronal types in the has mutants, if defects similar to the aPKC-CAAX 
overexpression condition also occur, which was not sufficiently explored before (Horne-
Badovinac et al., 2001). 
I note that the ectopically differentiating RGCs are still able to polarize normally. They extend 
axons towards the optic nerve, irrespective of their position, which is in-line with previous 
reports (Randlett et al., 2011b; Zolessi et al., 2006). This argues that the developmental time 
elapsed after the last division is more important for RGC axonogenesis than their location in the 
retina at that moment. RGCs extend the axon, when the right stage in their differentiation 
program comes and external environment has little influence on the onset of this event. The 
timing is primary factor also for the RGCs in the control situation undergoing somal 
translocation. These cells differ in translocation speed due to basal process inheritance. The 
RGCs that spend more time in translocation (those 20% of RGCs not inheriting the basal 
process) then spend less time in fine positioning before they grow the axon. The opposite is true 
for the 80% of RGCs that inherited the basal process. They translocate faster to the basal retina 
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but then spend more time in fine positioning. This leads to similar timing of axonogenesis in 
RGCs irrespective of their translocation history. These findings about cell intrinsic timing of 
differentiation events with little feedback from the environment underline the importance of the 
cell biological mechanisms, which ensure efficient translocation of immature neurons. Because in 
case the neurons are not moved to their final location in a timely manner, they differentiate 
ectopically. 
In summary, the presence of RGCs is not necessary for retinal lamination but when present, 
RGCs have a propensity to organize other neurons around them. This also highlights the self-
assembly ability of the retina, which is a long known phenomenon from in vitro experiments with 
dissociated chick retinal cells that reassemble into organized layers resembling in vivo retinas 
(Layer et al., 2002). However, for a completely correct reassembly of retinal layers extracellular 
signaling molecules are also required (Nakagawa et al., 2003). Such signals can be the Wnt-2b 
produced in the anterior rim of the retina (Nakagawa et al., 2003), or so far unidentified signals 
from the retinal pigment epithelium (Rothermel et al., 1997) or the Muller glia (Willbold et al., 
2000). The secreted signaling molecules and their role in the assembly of RGC layer or their 
influence on ectopic RGCs are not covered in my thesis but would be an interesting topic for 
future research. 
 
4.7 In to to  imaging with light sheet fluorescence microscopy is an outstanding tool to 
understand CNS development 
Besides the new findings about RGC somal translocation and RGC layer formation, this thesis 
highlights the importance of controlled, gentle time-lapse imaging to generate a deeper 
understanding of kinetics and mechanisms of processes during the development of CNS. I reveal 
the inconspicuous phototoxicity of spinning disk microscopy that manifests itself as a slow down 
of developmental processes in the retina, an organ that seems to be exceptionally photosensitive 
at this developmental stage. Interestingly, at an earlier stage of retinal development during the 
optic cup morphogenesis, the retina is more robust towards high illumination light doses and the 
process of optic cup morphogenesis occurs with similar kinetics in both microscope setups 
(Norden lab, unpublished data). 
Using LSFM results in normal timing of development of the zebrafish retina, which is confirmed 
by the observation that the imaged samples are comparable to unimaged controls at the end of 
the experiments. The different mounting for spinning disk microscopy and LSFM does not seem 
to play a role in the observed difference in sample health between the two microscope setups. 
The experimental comparison to non-mounted embryos suggests that both mounting strategies 
are gentle to the samples, at least at the 12–16 hour time scales of my experiments. 
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Employing the gentlest microscopy method that is currently available for developmental biology 
studies (Stelzer, 2015) allows collecting reliable data and examining the studied events in their 
natural context, leaving little room for potential experimental artifacts. The possibility of imaging 
the process of interest for a long time with high resolution enabled my most interesting findings 
including the basal process asymmetric inheritance and its role in the translocation or the 
existence of the multipolar migratory mode. Besides the coarse cell movements I could also 
observe subcellular structures such as centrosome, Golgi apparatus or MTs while the cell moved 
in its natural environment. Imaging the subcellular structures and distribution of cytoskeletal 
components will be essential for deeper understanding of the molecular mechanism of RGC 
translocation in the future. 
 
4.8 Outlook 
The most intriguing unanswered question that remains after my thesis is how exactly the force is 
generated that is responsible for RGC basal nuclear movement. I document that an intact MT 
cytoskeleton is required for the translocation, but it remains elusive, how exactly it is involved. 
The RGC nucleus translocates within a MT cage with plus tips of the MTs pointing in the 
direction of the movement. Therefore, one possible molecular mechanism of RGC nuclear 
translocation is that a kinesin motor attached to the nuclear envelope walks on the MT cage to 
pull the nucleus basally. Such mechanism dependent on kinesin Kif1a and on Dynein for the 
reverse movement was demonstrated in the rat cortical progenitors undergoing IKNM (Baffet et 
al., 2015; Hu et al., 2013; Tsai et al., 2010) and also hypothesized for the retina (Baye and Link, 
2008). However, it seems that in the retinal progenitors IKNM is driven either by actomyosin 
(Norden et al., 2009) or by a yet undefined mechanisms not dependent on the nuclear envelope 
proteins (Razafsky and Hodzic, 2015). 
In the suggested mechanism for RGC translocation dependent on MTs, kinesins are attached to 
the nuclear envelope via the KASH proteins in the outer nuclear membrane (Razafsky and 
Hodzic, 2015). In a set of trial experiments, I was unable to reveal the molecular identity of such 
kinesin or KASH protein, but I could only test a limited number of candidates, namely kinesins 
Kif1a and Kif5a and KASH proteins Syne1a and Syne2b. Perturbation of all these candidates did 
not show an effect on RGC translocation. 
Next, an unbiased approach to identification of these proteins would be more likely to yield 
results. Some recently published studies show little CNS phenotype in mutants of the nuclear 
envelope linker KASH proteins in the outer nuclear membrane and also for their SUN binding 
partners in the inner nuclear membrane (Razafsky and Hodzic, 2015). This could be due to 
redundancy, since some of the double mutants produce a strong phenotype (Razafsky and 
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Hodzic, 2015), which complicates the investigation and it might explain no visible abnormality in 
my experiments, where I targeted single proteins. 
In addition, the actin cytoskeleton could also play a role as a force generating entity. In the retinal 
progenitors a detectable actomyosin accumulation on the basal side of the nuclei seems 
responsible to move them repeatedly to the apical side for division (Norden et al., 2009). After 
the last mitosis of the progenitors, the newly born RGCs undergo an opposite process; they 
actively move the nucleus towards the basal side. However, in pilot experiments, an opposite, i.e. 
apically biased distribution of actin or myosin in translocating RGCs could not be observed. 
More detailed live imaging of actin and myosin in translocating RGCs in combination with 
biophysical approaches like FRAP or laser ablation should give some hints on whether 
actomyosin is important for the somal translocation itself, not only for the integrity of the 
attachment of the basal process to the basement membrane. 
All the cytoskeletal components interact and influence each other, thus, to get a more complete 
picture, the third basic component of the cytoskeleton, the intermediate filaments, should be also 
observed live during RGC translocation. The first necessary step would be to develop markers 
for live imaging of intermediate filaments, which are currently lacking in zebrafish. The 
intermediate filament composition and dynamics in general changes during the transition from 
neural progenitors to neurons (Laser-Azogui et al., 2015) so it is plausible that this transition 
could change mechanical properties of the cell and in turn facilitate the translocation. Along 
these lines, the intermediate filaments were shown to be important for mechanical properties of 
the basal process of neurons undergoing somal translocation in the cortex (Miyata and Ogawa, 
2007).  
Other experiments that could shed light on the mechanisms of RGC nuclear translocation would 
be (1) a detailed mapping of the nuclear shape of RGCs. The nucleus has a natural tendency to 
assume a spherical shape, but can be deformed by the forces acting on it. A flattened shape on 
one side of the nucleus would be indicative of a pushing force from this direction, whereas a 
teardrop-shaped nucleus would be indicative of a pulling force in the direction of the pointy tip. I 
have already developed a label for nuclear envelope specifically in RGCs and in a pilot 
experiment I observed that the nuclear shape during the translocation indeed changes very 
dynamically. In general, the RGC nucleus during translocation is elongated and once it reaches 
the basal retina, it becomes rounded. I could observe the teardrop shaped RGC nuclei with the 
pointy tip oriented basally in some time points but the changes in nuclear shape would need to 
be precisely quantified and correlated to the instantaneous velocity of the nucleus. Some nuclear 
shape changes might also reflect the lateral forces from the surrounding cells rather than some 
active mechanism acting within the cell. In the next step, the nuclear shape could be used as an 
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assay for testing the hypotheses about the force generating mechanism of the nuclear 
translocation. After perturbing an important component of the machinery, which moves the 
nucleus, a tendency to change from the teardrop towards more rounded shape should be 
observed. 
(2) Laser ablation of the microtubules in the apical process or ablation of the apical processes as a 
whole would help to understand, what is the role of these structures in RGC translocation or 
additionally whether the release of the apical process could rescue the translocation of aPKC-
CAAX expressing RGCs. 
(3) A so far unexplored aspect of RGC translocation is the role of lateral adhesion to neighboring 
progenitor cells during this movement. This adhesion could be mediated by various cell adhesion 
molecules but only the role of N-cadherin was so far explored. It was demonstrated that 
downregulation of N-cadherin is necessary for apical process retraction (Wong et al., 2012) once 
the RGCs reach the basal side. The preceding somal translocation occurred normally in a 
dominant negative N-cadherin overexpression condition (Wong et al., 2012). The other neuronal 
adhesion molecules that could mediate such lateral adhesion like Ig superfamily proteins or 
connexins remain to be tested for their role in RGC translocation. 
In summary, the nuclear translocation of RGCs is likely driven by the interplay of different 
cytoskeletal components and the zebrafish retina is a suitable system to understand the molecular 
details of such movements. 
 
The cell division giving rise to an RGC is asymmetric in its outcome, producing one postmitotic 
cell and one proliferative cell. The sister cell of RGC is a committed photoreceptor precursor 
((Weber et al., 2014), Norden lab unpublished data). This division always occurs with the 
cleavage plane perpendicular to the apical surface and both cells inherit the apical domain and 
remain attached apically. The only asymmetry that I documented in this division is in the basal 
process inheritance. However, the fact that some cells not inheriting the basal process 
differentiate as RGCs and some process-inheriting cells assume the photoreceptor fate shows 
that basal process inheritance is not a strict cell fate determinant.  From the very stereotypical 
outcome of this division, we can argue that it must be tightly regulated, however it is unclear 
which structure or signal is asymmetrically distributed in this division to ensure the asymmetric 
daughter cell fates. 
A recent study showed that the function of Anillin, a cleavage furrow component, is required for 
this asymmetric division (Paolini et al., 2015). Paolini and colleagues reported that after knocking 
down Anillin the divisions become symmetrical in their outcome producing two RGCs. 
Nevertheless, I was unable to reproduce this result and thus the involvement of cleavage furrow 
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components in this asymmetric division remains an open question. There are several other 
candidates for asymmetrically inherited cellular structures (Paridaen and Huttner, 2014) that 
could influence the daughter cell fate in this division. Based on the literature search, the 
promising ones to test would be the mother centriole with the associated primary cilium 
(Paridaen et al., 2013) or the Sara endosomes containing Delta and Notch (Coumailleau et al., 
2009). If some asymmetry in distribution of these structures was detected, it would provide the 
explanation for the different fate specification of the daughter cells in this division. 
Now that the movement of RGCs is better understood, it is time to turn the attention to less 
studied retinal cell types. The photoreceptor precursor sister cells of RGCs also undergo an 
intriguing pattern of movement after division. First, they move basally together with the RGC 
but later they retract back towards the apical side, where they establish the nascent photoreceptor 
layer. The trajectory of this movement resembles the IKNM of progenitors, but photoreceptor 
precursors move with slower kinetics and they are unipolar, only attached apically and not basally 
(Norden lab unpublished data). This raises the question, to what extent is the mechanism of this 
movement similar to the IKNM and RGC translocation. The movement of the photoreceptor 
precursors will be the subject of my future research. Studies like that will eventually together 
build our understanding of the events and mechanisms needed for the retina to transition from a 
simple neuroepithelium into a layered tissue with several interconnected neuronal types. 
 
4.9 Concluding remarks 
In summary, I have improved our understanding of RGC translocation and lamination. I 
discovered a previously unknown multipolar migratory mode of RGCs and I could demonstrate 
the importance of several cellular structures for RGC somal translocation, which is an entry road 
for the full mechanistic insight into the nuclear movement in these immature neurons in the 
future. I further highlight the importance of the timely positioning of the immature neurons, 
which otherwise differentiate ectopically and irreversibly disrupt the lamination of the retinal 
tissue. 
I think that this thesis complements the studies in rodents and contributes to the understanding 
of CNS development by identifying some common themes and overarching principles, which 
can be extrapolated also to more complex model systems and humans. 
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